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ABSTRACT 

A  small  strain  gage  was  developed  for  the  measurement  of  static  and 
dynamic  strains  when  embedded  in  soil  samples.  The  gage  itself  consists 
of  two  sets  of  two  coil  discs;  associated  instrumentation  includes  electronic 
driving,  amplifying,  and  recording  circuitry.  One  set  of  coils  is  embedded 
in  soil  as  the  strain  sensing  element;  the  other  is  externally  positioned  to 
serve  as  a  reference.  The  principle  of  operation  is  that  of  an  air  core 
differential  transformer  with  a  null  balancing  system  to  permit  accurate 
measurements  of  small  strains. 

The  gage  is  a  reliable  precision  measuring  device.  Results  of  static 
and  dynamic  evaluations  prove  that  the  colls  can  be  consistently  placed  in 
soil  specimens  within  the  spacing  and  alignment  requirements.  Thus,  the 
gage  accurately  defines  the  relative  position  of  two  points  in  the  soil  and 
accurately  measures  the  change  in  spacing  of  these  points  when  the  specimen 
is  strained. 

All  indications  are  that  the  gage  is  well  suited  for  the  measurement  of 
strain  in  soil  and  that  with  further  investigation  of  the  effect  of  gage  presence 
and  appropriate  modifications  to  reduce  this  effect,  the  gage  may  be  used  to 
reliably  measure  both  static  and  dynamic  strains  within  a  very  small  gage 
length. 
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1.  INTRODUCTION 


The  objective  of  the  program  was  to  design,  develop  and  verify 
the  operation  of  a  small  gage  to  measure  strain  in  soil.  The  gage  was 
intended  for  the  laboratory  study  of  small  soil  samples  under  both  static 
and  dynamic  loading  conditions. 

To  determine  strain,  the  change  in  spacing  between  two  points  a 
finite  distance  apart,  must  be  known.  The  relative  displacement  of  two 
points  in  soil  may  be  measured  in  two  ways.  First,  the  absolute  displace¬ 
ment  for  each  point  may  be  determined,  the  differential  displacement  being 
the  difference  between  the  two.  This  method  requires  either  a  fixed  dis¬ 
placement  reference  outside  the  soil  mass,  or  integration  of  acceleration  or 
velocity  measurements. 

A  fixed  displacement  reference  is  impractical  for  most  dynamic 
applications.  Integration  and  subtraction  of  the  resulting  numbers,  which 
are  usually  large  as  compared  to  their  difference,  introduces  error  of  the 
magnitude  of  the  measurements. 

The  second,  more  practical  scheme  is  direct  measurement  of 
differential  displacement.  This  may  be  accomplished  by  a  transducer  con¬ 
necting  two  gage  points  (coupled  strain  gage).  Gages  of  this  type  have  been 
developed  and  are  available.  Their  use  as  a  soil  strain  gage  has  usually 
been  on  a  larger  scale  for  field  testing.  The  principal  disadvantage  of  this 
type  gage  is  the  presence  of  the  transducer  which  requires  ]diysical  con¬ 
nection  between  the  gage  points.  Such  a  physical  connection  introduces  a 
body  foreign  to  the  soil  within  the  gage  ^ngth,  influencing  the  natural 
response  of  the  soil  to  deformations.  Furthermore,  it  complicates  place¬ 
ment  in  that  moving  linkages  must  be  protected  from  binding  due  to  inter¬ 
ference  of  soil  particles. 

It  appeared  feasible  to  develop  a  gage  which  would  have  no 
physical  connection  between  the  gage  points  (uncoupled  strain  gage),  thus 
eliminating  the  linkage  and  its  disturbance  and  restraint  on  the  surrounding 
soil.  A  device  based  on  a  transformer  principle  of  operation  had  previously 
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b««n  used  at  die  Armour  Research  Foiuidation  to  detect  defects  in  rolled 
steel  ^ates.  Preliminary  investifations  indicated  that  tills  principle  could 
be  adapted  to  use  as  a  soil  strain  gage.  This  gage  would  be  essentially  an 
air-core  differential  transformer,  tiie  sensing  el«n«its  being  tiie  primary 
and  secondary  windings.  Considering  the  advantages  tiered  by  an  un¬ 
coupled,  direct  measuring  gage,  we  decided  to  direct  the  major  effort  to 
the  development  of  a  gage  of  this  type. 
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2. 


PURPOSE  AND  SCOPE  OF  INVESTIGATION 


Ideally  it  ia  desirable  to  measure  strain  at  a  point.  Physically 
this  is  not  possible.  Instead,  it  is  necessary  to  determine  an  average 
strain  obtained  by  measuring  the  change  in  spacing  of  two  points  a  finite 
distance  apart.  The  purpose  of  this  research  was  to  produce  a  gage  to 
reliably  make  strain  measurements  in  soil.  Reliability  of  measurement  is 
meant  to  include:  first,  that  the  output  of  the  gage  accurately  represents 
the  relative  initial  position  of  two  points  in  the  soil  and  subsequent  dif¬ 
ferential  movements  of  these  points:  and  second,  that  the  movements 
measured  are  those  which  would  have  taken  place  had  the  gage  not  been  pre¬ 
sent. 

The  program  consisted  of  the  following  jdiases:  (1)  feasibility 
study  and  prototype  gage  design,  (2)  bench  evaluation  of  gage  performance, 
(3)  evaluation  of  embedded  gage  performance  for  accuracy  of  measurements 
voider  static  and  dynamic  loads,  (4)  preliminary  study  of  the  significance  of 
gage  presence  on  the  measurements  made,  and  (5)  final  gage  design  and 
fabrication. 

Phases  (1)  and  (5)  were  continuous  throughout  the  program.  Once 
it  had  been  established  that  the  gage  concept  was  feasible  and  a  prototype 
gage  was  constructed,  an  optimum  design  was  sought  through  refinement  of 
the  sensing  elements  and  the  backup  electronic  equipment. 

Work  on  phase  (2)  began  immediately  after  the  development  of 
the  prototype  gage.  This  work  was  conducted  in  sufficient  detail  to  deter¬ 
mine  adequately  the  suitability  of  the  gage  for  use  in  soil.  The  third  and 
fourth  phases  were  conducted  simultaneously.  The  fourth  phase  was  by  far 
the  most  difficult.  Proper  evaluation  would  require  a  comparison  of  dif¬ 
ferent  gage  sizes  in  a  controlled  test  series  in  which  all  parameters 
involved  could  be  evaluated.  Neither  the  range  in  gage  sises  nor  the  time 
required  for  such  a  study  was  available  for  an  investigatioa  of  ttds  type. 
Instead,  it  was  decided  to  conduct  a  simple  test  in  which  gage  performance 
as  defined  in  phase  (3)  could  be  thoroughly  evaluated  and  from  which  some 


feeling  for  the  effect  of  gage  presence  could  be  obtained.  This  iavestlgstlon 
served  quite  smtisfkctorily  for  its  primary  purpose,  and  at  the  same  time 
established,  beyond  any  doubt,  the  necessity  of  a  thorough  study  of  the 
effects  of  gage  presence. 
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3. 


GAGE  DESIGN  AND  DEVELOPMENT 


3.  1  Design  Criteria 

The  design  criteria  for  the  soil  strain  gage  were  based  upon 
considerations  of  the  measurements  to  be  made,  the  ideal  concept  of  strain, 
the  operational  environment,  soil-gage  interaction,  and  problems  of  gage 
placement. 

The  measurements  to  be  made  were  (1)  initial  gage  length  in  soil 
and  (2)  changes  in  this  length  as  the  soil  deformed.  The  physical  signifi¬ 
cance  of  the  results  depends  on  the  accuracy  with  which  these  measurements 
can  be  made.  It  is  imperative  that  the  gage  be  sensitive  to  small  differential 
axial  movements,  yet  be  insensitive  to  the  lateral  and  rotational  movements 
created  by  lateral  and  shearing  strains. 

Strain  cannot  be  determined  ideally,  i.  e. ,  at  a  point.  It  is 
necessary  instead,  to  use  an  average  strain  obtained  by  measuring  the 
change  in  spacing  of  two  points  a  finite  distance  apart.  Obviously,  only 
when  the  strain  is  uniform  in  the  zone  between  the  gage  sensing  elements  is 
the  measured  average  strain  equal  to  the  true  strain.  This  physical  limita¬ 
tion  becomes  most  significant  in  the  determination  of  strains  produced  by  a 
passing  shock  wave.  Under  these  conditions,  the  strains  will  change  most 
rapidly  in  the  vicinity  of  the  shock  front.  Hence,  the  strain  in  the  region 
between  the  gage  elements  will  be  very  non-uniform  as  the  shock  front 
passes  from  one  gage  element  to  the  other.  The  severity  of  this  limitation 
in  actual  application  will  depend  upon  the  rise  time  of  the  wave  front,  but  it 
is  clearly  desirable  to  make  the  gage  length  as  small  as  possible. 

Frequency  response  is  also  important  in  dynamic  measurements. 
High-frequency  response  determines  the  minimum  rise  time  the  gage  is 
able  to  sense.  In  practice,  rise  time  may  vary  from  almost  instantaneous, 
as  would  occur  at  the  soil  surface  under  an  air  shock,  to  the  gradually 
applied  static  load.  Thus,  the  greater  the  range  of  frequency  response,  the 
greater  the  range  of  application  of  the  gage. 


Contiderationa  of  operational  environment  dictate  that  a  gage 
designed  for  use  in  soil  must  necessarily  be  insensitive  to  soil  type  and  to 
the  moisture  which  the  soil  may  contain. 

Soil-gage  interaction  creates  a  difficult  problem.  Ideally,  it 
would  be  desirable  to  design  a  gage  which  would  match  perfectly  the 
characteristics  of  the  soil  which  it  displaces.  Practically,  this  is  not  pos¬ 
sible.  The  characteristics  of  soil  vary  not  only  with  soil  type,  such  as 
clays,  sands,  and  silts,  but  variations  occur  within  any  one  type  depending 
on  moisture  content  and  degree  of  compaction.  One  can  only  hope  to  mini¬ 
mize  interaction  effects  by  making  the  size  of  the  inserted  components  as 
small  as  possible  and  by  designing  the  gage  so  that  it  is  acttiated  with  a 
minimum  resistance  to  free  movement  of  the  soil.  For  dynamic  applications 
it  is  also  desirable  to  have  the  density  of  the  gage  components  in  the  same 
range  as  the  density  of  the  soil  in  order  to  minimize  inertial  effects. 

Problems  associated  with  gage  placement  must  also  be  taken  into 
consideration  in  gage  design.  Since  the  gage  under  consideration  is  intended 
for  laboratory  use,  the  problem  of  gage  placement  is  not  as  acute  as  in  the 
case  of  a  gage  intended  for  field  use.  Frequently  field  measurements  are 
desired  in  natural  soil  deposits.  Meaningful  in  situ  measurements  with  an 
embedded  gage  require  extremely  careful  gage  placement.  Excavation  for 
gage  insertion  must  be  accomplished  with  a  minimum  of  disturbance  to  the 
surrounding  soil.  The  gage  must  either  be  directly  coupled  to  the  natural 
soil  or  the  soil  around  the  gage  must  be  replaced  in  such  a  manner  that  the 
natural  characteristics  are  identically  reproduced,  virtually  an  impossible 
task.  Even  if  the  gage  is  directly  coupled  to  the  natural  soil  the  excavation 
must  be  refilled.  Differences  in  the  characteristics  of  the  backfill  and  die 
natural  soil  deposit  may  influence  the  response  of  the  soil  in  this  region. 
Field  tests  conducted  in  a  controlled  area  which  is  excavated  and  tiien  back¬ 
filled  still  pose  difficult  problems.  These  tests  are  usually  large  scale  and 
a  mechanical  method  of  c<mipacti<ML*uch  as  large  rollers  is  used.  If  gage 
orientation  or  alignment  is  critical  a  special  means  of  compaction  probaUy 
will  be  required  in  the  area  of  the  gage.  This  introduces  the  problem  of 
trying  to  duplicate  on  a  small  scale  the  compactive  effort  aiq^lied  to  the 
remainder  of  die  test  area.  If  the  gage  is  inserted  after  preparation  of  the 
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entire  test  site  then  the  same  problems  exist  as  for  in  situ  measurements . 

In  laboratory  studies  most  specimens  are  remolded  and  in  such  cases  the 
gage  may  be  embedded  as  the  specimen  is  formed.  However,  some  latitude 
must  be  provided  in  the  required  gage  alignment  in  the  soil  and  provision 
must  be  made  for  placement  of  the  soil  in  the  vicinity  of  the  gage  to  ensure 
homogeneity  throughout  the  entire  specimen. 

The  requirements  of  measurement  and  operation  which  the  gage 
must  possess  may  be  summarized  as  follows: 

(1)  accurate  determination  of  gage  length 

(2)  sensitivity  to  small  changes  in  gage  length 

(3)  insensitivity  to  effects  of  lateral  and  shearing  strains 

(4)  small  gage  length 

(5)  wide  range  of  frequency  response 

(6)  small  size 

(7)  offer  no  resistance  to  movement  to  actuate  the  gage 

(8)  density  in  the  range  of  soils  in  which  it  is  used 

(9)  tolerable  requirements  of  alignment  to  allow  placement 

(10)  permit  placement  of  soil  in  gage  vicinity. 

3. 2  Gage  Design 

The  gage  concept  found  to  most  satisfactorily  mei^t  the  established 
criteria  was  the  uncoupled  strain  gage.  The  gage  consisted  of  two  small 
coils  of  copper  wire  embedded  in  the  soil  with  a  second  set  of  identical  coils 
external  to  the  soil,  each  set  of  coils  representing  a  primary  and  secondary 
transformer  winding.  In  this  transformer  configuration,  the  primary  coils 
are  series  connected  to  an  a-c  power  source,  and  the  secondary  coils  are 
series  connected  to  a  receiving  circuit.  Each  set  of  winding^  \^en 
closely  space^  is  linked  by  a  magnetic  field  vhose  rate  of  change,  because  of 
the  a-c  excitation,  induces  an  alternating  voltage  in  the  secondary  winding. 
The  magnitvule  of  the  induced  voltage  is  a  function  of  distance  between  wind¬ 
ings,  flux  path  permeability,  strength  of  excitation  and  number  of  turns. 
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An  initial  experimental- circuitry  setup  (Figure  1)  indicated  that 
it  was  feasible  to  use  this  principle  in  the  design  of  a  soil  strain  gage.  Two 
sets  of  coils  are  used  to  increase  sensitivity  to  differential  movements. 

This  is  necessary  because  the  percentage  voltage  change  measured  across 
one  sensor  coil  for  small  changes  in  spacing  is  small.  However,  with  the 
two  sets  of  coils  connected  so  that  the  resulting  signal  is  the  difference  of  ' 
the  individual  coil  outputs,  the  percentage  change  in  output  voltage  is  greatly 
increased.  This  voltage  was  amplified  to  increase  sensitivity  so  that  changes 
in  spacing  at  least  as  small  as  Iper  cent  of  the  nominal  spacing  could  be 
detected.  This  arrangement  is  referred  to  as  a  null-balance  system. 


Sjnsor  Coils 
(secondary  windings) 


Fig.  1  STRAIN-GAGE  CIRCUITRY 
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Figure  2  shows  the  basic  components  of  the  air-core  differential- 
transformer  setup  for  the  application  as  a  soil  strain  sensor.  When  the 
driver  coils  (primary  windings)  were  energized  with  a  high  frequency 
a~c  current,  voltage  was  induced  in  the  pickup  coils  (secondary  windings). 
The  spacing  of  the  embedded  coils  was  then  determined  by  adjusting  the 
external  micrometer  mounted  coils  until  a  null  was  obtained. 

The  accuracy  with  which  gage  length  (initial  coil  spacing)  can  be 
determined  (when  perfect  alignment  conditions  exist)  depends  on  the  uniform¬ 
ity  of  coil  construction.  If  the  driver  coils  were  identical,  then  the  mag¬ 
netic  fields  generated  would  also  be  identical.  Similarly  if  the  pickup  coils 
were  identical,  then  the  induced  voltages  would  be  identical  for  the  same 

I 

spacing.  The  best  fitting  was  obtained  by  constructing  a  number  of  gages 
and  checking  them  in  pairs  by  trial  and  error.  By  this  procedure  it  was 
possible  to  make  the  null  spacings  agree  within  1  per  cent  over  a  minimum 
range  of  spacings  of  0.2  in.  to  0.  5  in. 

Perfect  alignment  conditions  cannot,  of  course,  be  realized. 

This  would  impose  too  great  restrictions  on  placement,  and  even  if  perfect 
initial  alignment  were  possible,  lateral  and  shearing  strains  might  produce 
some  lateral  relative  displacements.  To  reduce  sensitivity  of  the  device  to 
small  misalignnrjents,  the  driver  coils  were  made  larger  in  diameter  than 
the  pickup  coils.  This  was  accomplished  by  winding  the  driver  coils  with  a 
greater  number  of  turns  and  a  larger  inside  diameter.  A  ratio  of  two  to  one 
was  used  for  both  the  number  of  turns  and  the  inside  coil  diameter.  This  is 
contrary  to  efficient  transformer  design  because  induced  voltage  is  directly 
proportional  to  the  number  of  winding  turns.  However,  in  this  manner  the 
area  of  uniformity  of  the  magnetic  field  created  by  the  driver  coil  was 
greater  than  the  cross  sectional  area  of  the  pickup  coil.  This  allowed  the 
pickup  coil  to  move  laterally  within  this  uniform  area  with  negligable  effect 
on  gage  output.  The  actual  amount  of  movement  allowed  is  dependent  on  the 
coil  spacing  and  varies  somewhat  with  the  uniformity  of  coil  constructiem. 

Investigation  of  ID  ratios  of  4: 1  showed  slight  improvement  in 
performance,  but  it  was  decided  the  advantage  gained  was  not  great  enough 
to  justify  the  corresponding  increase  required  in  driver  coil  OD. 
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Soil  Semple 
Under  Test 


Fig.  2  PICTORIAL  DIAGRAM  OF  SOIL  STRAIN  GAGE 


Minimum  coil  sise  was  dictated  by  considerations  of  sensitivity 
and  the  physical  limitations  on  winding.  Initially,  coils  were  wound  with 
500  turns  on  the  driver  coils  and  250  turns  on  the  pickup  coils.  It  was 
found  that  this  could  be  reduced  to  300  turns  on  the  driver  and  150  on  the 
pickup  without  seriously  impairing  the  sensitivity  of  the  gage.  Number 
40  wire  (Formvar  Magnetic  wire)  was  considered  the  smallest  size  practical 
to  work  with.  As  technique  in  working  with  the  wire  and  winding  coils 
improved,  it  became  possible  to  wind  the  coils  to  a  thickness  of  1/32  in. 
These  coils  were  then  molded  in  an  epoxy  which  served  as  insulatipn  against 
moisture  and  contributed  the  necessary  sturdiness.  A  covering  of  1/64  in. 
was  provided  on  each  side  of  the  coil,  making  the  total  encapsulated  coil 
thickness  l/l6  in.  The  outside  diameter  of  the  coils  was  made  3/4  in.  to 
accomodate  the  required  number  of  driver  coil  windings  and  to  allow  the 
lead  connections  to  be  encapsulated. 

The  density  of  the  coils,  as  constructed,  was  approximately 
120  lb  per  cu  ft.  This  is  in  the  range  of  most  soils  and  in  this  respect  is 
considered  to  be  quite  satisfactory. 

While  the  coils,  differentially  connected,  represent  the  basic 
elements  of  the  gage,  electronic  circuits  to  amplify,  demodulate,  indicate 
signal  levels  and  maximize  sensitivity,  as  well  as  the  adjustable  precisitm 
coil  mount  are  necessary  parts  of  the  gage  apparatus  and  had  to  be  designed 
specifically  for  this  system. 

The  strain-gage  electronic  components  consist  of  a  crystal  con¬ 
trolled  50-kc  oscillator  and  drive-coil  power  amplifier.  The  pickup  coils 
are  connected  to  an  amplifier,  which  in  t\irn  in  connected  to  a  ring  demodu¬ 
lator,  filter,  and  meter.  The  50-kc  oscillator  is  a  standard  compcnmit 
manufactured  by  Delta -F  of  Geneva,  Illinois.  The  unit  is  powered  by  a 
Dessen-Barnes  30-volt,  325-milliampere  power  supply. 

Figure  3  is  a  circuit  diagram  of  the  complete  system.  The  50-kc 
Delta- F  oscillator  has  an  output  of  approximately  one  Volt  at  600  ohms. 

This  signal  is  amplified  by  transistor  Q  1  to  a  level  of  approximately  10  volts 
measured  at  the  output  of  the  10-turn  winding  of  the  transformer  T1  to  udiich 
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the  driver  coili  are  connected.  The  pickup  coilt  are  connected  differentially 
so  that  for  equal  spacing  between  the  two  sets  of  sensor  and  driver  coils  the 
resultant  output  is  zero.  When  the  spacing  of  the  two  sets  is  different,  a 
small  differential  voltage  appears  at  the  input  of  the  amplifier.  Once 
amplified,  the  signal  of  interest  is  the  envelope  of  this  high-frequency  car¬ 
rier,  since  it  is  this  amplitude  u4iich  is  proportional  to  the  coil  spacing.  To 
separate  the  envelope  from  the  high  frequency  carrier,  the  signal  must  be 
demodulated  A  conventional  ring  demodulator  was  used.  This  type  de¬ 
modulator  is  sometimes  called  a  synchronous  detector  and  permits  operation 
with  a  suppressed  carrier.  The  demodulator  output,  therefore,  is  zero 
when  the  carrier  input  is  zero  or  nulled,  and  is  either  positive  or  negative 
in  polarity  when  the  two  sensor  coil  voltages  are  not  equal.  The  polarity 
depends  on  which  coil  has  the  larger  voltage,  thereby  indicating  whether  the 
coils  which  would  be  embedded  in  the  sample  have  moved  closer  together  or 
farther  apart.  The  maximum  signal  level  with  one  set  of  coils  placed  close 
together  and  the  others  set  far  apart  is  20 -v  peak-to-peak  measured  across 
TPl  on  the  rear  of  the  unit.  The  capacitors,  C6  in  the  collector  circuit  of 
the  second  amplifier  Q3  and  C7  in  the  driver  coil  circuit  provide  filtering  of 
harmonics  and  correct  phase  error.  The  response  of  the  electronics  is 
restricted  to  10-kc  by  the  output  filter  which  follows  the  demodulator  circuit. 
A  meter  is  provided  for  accurate  nulling  along  with  sensitivity  range  con  - 
trols. 

A  Dressen-Barnes  Model  20-30  transistor  power  supply  is  built 
into  the  instrumentation  package.  A  circuit  diagram  of  the  supply  is  shown 
on  Figure  4. 

The  shock-front  rise  time  which  the  gage  can  sense  is  governed  by 
the  reaction  time  of  the  entire  circuitry.  The  oscillator  produces  a  50-kc‘ 
signal  and  theoretically  the  gage  should  sense  a  shock  rise  time  of  20 p  sec. 
However,  lag  is  introduced  throughout  the  circuitry  as  each  component 
functions.  The  reaction  time  of  this  system  as  a  whole  is  of  the  order  of 
75  sec.  This  is  felt  to  be  suitable  for  most  applications. 
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SUPPLY  MOKL  aO-30 


POWER  SUPPLY  USED  IN  SOIL  STRAIN  GAGE  ELECTRONICS 


Figure  5  displaye  the  components  which  constitute  the  soil  strain 
gaga  in  its  finalized  form.  These  consist  of  two  sets  of  coils,  the  adjustable 
precision  coil  mount,  and  the  electronic  auxiliaries. 

Conventional  trouble-shooting  techniques  should  be  employed  in 
servicing  this  instrument.  For  aid  in  servicing  and  maintaining  the  instru¬ 
ment  the  following  information  is  included  in  Appendix  I:  Component  parts 
listing  (Table  I- 1),  Component  parts  location  (Fig.  1-1),  the  Dressen-Barnes 
parts  list  (Table  I -2),  and  the  Dressen-Barnes  power  supply  manual. 

3. 3  Operational  Procedure 

There  are  four  controls  on  the  soil  strain  gage  instrumentation 
package.  Three  are  on  the  front  panel  and  the  other  is  accessable  from  the 
side  of  the  instrument.  The  following  procedure  should  be  followed  in 
alignment  of  the  instrument  to  assure  accuracy; 

(1.)  Place  both  sets  of  coils  on  adjustable  micrometer  coil  mounts 
The  rods  on  v^ich  the  coils  are  mounted  are  nonmetallic  to  avoid 
any  distortion  of  the  magnetic  field.  The  micrometer  head  pro¬ 
vides  mechanical  means  of  accurate  adjustment  of  coil  spacing. 

(2  )  Before  the  instrument  power  is  turned  on  observe  the  meter 
reading.  If  the  meter  reads  off  the  zero  mark,  adjust  the  meter 
zero  adjustment  control  to  obtain  a  zero  reading. 

(3.)  Turn  on  power. 

(4.)  Allow  unit  a  minimum  of  15  minutes  warm  up  time  to  reach  a 
stable  operating  temperature.  Place  the  range  selector  to  the 
ralibrate  position  and  observe  the  meter  reading.  If  the  null 
meter  does  not  read  zero  connect  a  CRO  or  an  a-c  voltmeter  to 
TP -2  (on  the  rear  of  the  instrument)  and  ground,  and  observe  the 
voltage  level  Adjust  the  demodulator  balance  controls  (on  the 
side  panel)  to  obtain  a  d-c  null  and  a  minimum  a-c  level.  If  the 
meter  reads  only  slightly  off  null,  a-c  level  may  be  neglected  and 
adjustment  of  one  of  the  demodulator  balance  controls  to  obtain  null 
is  sufficient.  The  adjustment  should  be  checked  periodically  dur¬ 
ing  testing. 
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SOIL  STRAIN  GAGE 


(5  )  Adjust  the  micrometer  coil  mounts  so  that  both  coils  are 
spaced  at  about  0.4  in.  (or  approximately  the  expected  embedded 
spacing).  Place  the  range  selector  switch  on  low  sensitivity. 

If  the  meter  moves  far  off  null,  and  there  is  little  or  no  effect  by 
adjustment  of  the  micrometer,  the  coils  are  differentially  con¬ 
nected  and  one  coil  connection  must  be  reversed.  If  coil  connec¬ 
tions  are  reversed,  recheck  null  in  the  calibrate  position  as  null 
may  change  slightly.  With  coil  connections  properly  established, 
move  the  range  selector  switch  to  high  sensitivity  and  adjust  both 
micrometers  to  the  same  setting.  Release  the  set  screw  locking 
^the  stationary  coil  position  (on  the  coil  set  which  is  to  serve  as 
the  external  reference  coils)  Adjust  this  stationary  coil  position 
to  obtain  null,  and  lock  the  stationary  coil  in  position  This 
compensates  for  nonuniformities  which  may  exist  in  the  generated 
magnetic  field  at  approximately  the  expected  test  spacing,  and 
also  for  any  difference  in  the  thickness  of  the  coil  epoxy  coating. 

(6  )  The  .-ange  selector  switch  should  now  be  placed  in  the  off 
position  The  coils  which  are  to  serve  as  the  embedded  sensing 
elements  may  be  removed  from  the  micrometer  mount  and 
inserted  in  the  test  specimen. 

Note;  Do  not  remove  the  coils  from  the  micrometer  mount 
with  the  range  selector  switch  on  high  or  medium  sensitivity 
positions  or  the  resulting  rapid  off-scale  indicator  move¬ 
ment  may  damage  the  meter 

Upon  completion  of  specimen  preparation  the  range  selector  switch 
should  be  set  to  low  sensitivity  and  the  externally  mounted  coils  adjusted  by 
the  micrometer  screw  to  obtain  a  null  at  the  indicator  The  next  procedure 
depends  on  whether  the  imposed  loading  on  the  specimen  is  to  be  static  or 
dynamic 

For  static  measurements  the  following  procedure  is  recommended: 
Set  the  range  selector  switch  to  high  sensitivity.  This  makes  the  gage 
sensitive  to  differential  movements  of  the  order  of  0.  3  per  cent  of  the  coil 
spacing.  As  the  specimen  is  deformed,  continually  renull  using  the  micro¬ 
meter  head  to  reposition  the  externally  mounted  coils.  The  spacing  of 
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these  coils  will  then  follow  the  spacing  of  the  embedded  coils. 

For  dynamic  measurements  a  different  procedure  must  be  used 
since  it  is  not  possible  to  continually  renull.  In  this  case,  it  is  first  nec¬ 
essary  to  estimate  the  maximum  change  which  will  occur  in  coil  spacing. 

The  externally  mounted  coils  are  then  offset  by  this  amount  and  the  sensitivity 
controls  adjusted  to  give  maximum  sensitivity  without  overdriving  the  amplifier. 
Gage  output  is  also  fed  to  an  oscilloscope  where  sensitivity  controls  again 
must  be  adjusted  to  maintain  the  signal  on  the  scope  over  the  entire  range  of 
movement  expected  With  both  strain  gage  and  scope  sensitivities  set,  the 
gages  are  then  calibrated.  This  is  done  by  moving  the  externally  mounted 
coils  through  a  series  of  incremental  changes  and  noting  the  corresponding 
signal  displacement  on  the  oscilloscope.  These  displacements  are  of  opposite 
phase  but  equal  magnitude  to  those  which  are  caused  by  identical  differential 
movements  of  the  embedded  coils  under  an  applied  dynamic  load. 

The  following  procedure  is  suggested  for  oscilloscope  calibration! 

(1.)  The  oscilloscope  selected  should  have  a  d-c  vertical 
amplifier . 

(2.)  Make  an  estimate  of  the  maximum  coil  spacing  change  expected. 
V.'it'i  the  scope  set  to  sweep  repetitively  at  some  reasonable  rate 
(0.6  or  0.  1  milliseconds  per  division)  null  the  output  by  observing 
the  meter. 

(  3.)  Set  this  line  at  the  top  of  the  scope  face, 

(  4.)  Separate  the  coils  on  the  precision  coil  mount,  from  the  null 
position  to  the  distance  estimated  in  step  2 

(5.)  Adjust  the  gain  of  the  scope  so  that  this  level  is  represented 
by  the  sweep  line  near  the  bottom  of  the  scope  face. 

(  6.)  Return  to  null  and  photograph  that  line. 

(  7.)  Photograph  a  line  spaced  a  desired  distance  down  (such  a  1  cm 
from  the  null  line  or  that  which  would  be  produced  by  adjusting  the 
coils  0,005,  0.010,  or  0.020  in  further  apart  from  null).  Photo¬ 
graph  a  series  of  sweeps  in  equal  increments,  and  then  return  to 
null. 
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(8:)  Adjust  scope  sweep  rate  to  that  estimated  to  be  appropriate 
for  the  test. 

(9. )  Adjust  the  scope  sensitivity  so  that  only  one  complete 
sweep  will  appear  during  the  test.  The  instrument  is  now  ready 
to  record  the  transient  strain  pulse.  Figure  6  is  an  example  of  how 
the  calibrated  scope  face  would  appear  in  the  photograph. 

A  complete  operation  manual  will  be  issued  with  the  soil  strain 
gage  for  convenience  in  maintaining  and  operating  the  equipment. 
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Fig.  6  CALIBRATED  SCOPE  RECORD 
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EVALUATION  OF  GAGE  PERFORMANCE 


4.  1  Bench  Evaluation  of  Gage  Performance 

The  principle  of  operation  of  the  soil  strain  gage  relies  on  the 
exact  uniformity  of  the  magnetic  fields  between  the  two  sets  of  coils;  one 
set  placed  in  the  soil,  the  other  placed  on  a  precision-adjustable  coil  mount. 
Because  the  lines  of  flux  of  the  magnetic  field  are  influenced  by  the  permea¬ 
bility  of  the  medium  in  which  they  exist,  the  initial  investigation  examined 
the  possible  effect  of  soil  and  moisture  upon  the  magnetic  field  of  the  em¬ 
bedded  coils.  Sand,  kaolinite  clay,  illite  clay,  and  bentonite  were  used  for 
this  investigation.  Both  sets  of  coils  were  placed  on  the  precision  mounts 
and  adjusted  to  a  null  position.  Each  soil  in  the  air -dry  state  was  then 
placed  in  turn  around  one  set  of  coils,  and  the  coils  renulled  at  various  gage 
spacings.  In  no  case  was  the  accuracy  of  null  affected  by  the  presence  of 
the  soil.  The  procedure  was  then  repeated  with  water  added  to  the  soil; 
again  no  effect  could  be  detected  on  the  null  position. 

One  set  of  gages  was  then  immersed  in  water  to  ensure  that  ade¬ 
quate  protection  against  moisture  was  being  provided  by  the  epoxy  coating, 
and  to  determine  if  the  difference  in  flux  permeability  between  air  and  water 
affected  the  performance  of  the  gage.  Again  no  effect  could  be  detected. 

A  soil  containing  iron  might  be,  it  was  thought,  the  worst  condi¬ 
tion  in  this  respect.  To  check  this  the  gage  was  embedded  in  dry  kaolinite 
clay  containing  iron  powder.  Mixtures  of  Z  per  cent  and  4  per  cent  of  iron 
powder  by  weight  were  placed  around  one  set  of  coils. 

The  results  of  this  investigation  are  presented  in  Figure  7.  Per 
cent  error  in  spacing  is  based  on  the  true  spacing  of  the  coils  surrounded 
with  soil.  Disagreement  in  coil  spacing  in  air  (without  soil  surrounding 
either  gage)  is  due  to  slight  nonuniformities  in  coil  construction,  as  seen  it 
is  only  1  per  cent  at  0.2-in.  spacing  and  within  0.5  per  cent  from  0.3-in. 
to  0.  6-in.  spacing.  The  addition  of  2  per  cent  iron  powder  has  ho  effect. 

The  difference  in  this  curve  and  that  for  air  is  within  the  capability  of  deter¬ 
mining  null.  The  addition  of  4  per  cent  iron  powder  results  in  a  curve 
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Fig.  7  EFFECT  OF  SOIL  WITH  MAGNETIC  MINERAL  CONTENT 
ON  GAGE  PERFORMANCE 
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almost  identical  to  the  first  two,  out  to  a  spacing  0.  5-in.,  except  that  it  is 
shifted  upwards  about  1  per  cent.  Beyond  0.5-in.  sensitivity  diminishes 
rapidly  and  the  reliability  of  the  gage  is  considered  to  be  questionable. 

Four  per  cent  magnetic  mineral  content  is  considered  to  be  as  high  a  per¬ 
centage  as  would  normally  be  found  in  soils.  If  a  soil  with  higher  magnetic- 
mineral  content  were  encoimtered,  compensation  could  be  made  by  inserting 
soil  of  the  same  type  between  the  reference  coils.  If  identical  conditions 
were  produced  in  the  spacing  between  the  embedded  coils  and  reference  coils, 
this  source  of  error  would  be  eliminated. 


Fig.  8  COIL.  POSITION  PARAMETERS 


The  effect  of  lateral  and  rotational  misalignment  was  next 
investigated  (Figure  8).  To  examine  these  effects  one  set  of  coils  was 
positioned  on  a  machinists  jig  to  allow  lateral  and  rotational  movements. 

The  other  set  was  positioned  on  the  micrometer  mount.  The  system  was 
energized  and  the  coils  nulled  at  a  spacing  of  0.  100  in.  The  coils  on  the 
micrometer  mount  were  then  displaced  0.001  in.  and  the  differential  voltage 
recorded.  The  system  was  then  renulled  and  the  coils  on  the  jig  laterally 
displaced  until  the  same  differential  voltage  was  generated.  This  displace- 
is  the  amount  of  lateral  misalignment  which  will  cause  a  1  per  cent  error  in 
the  determination  of  gage  spacing.  Lateral  displacements  required  to  pro¬ 
duce  2  per  cent  and  3  per  cent  error  in  spacing  were  similarly  determined. 
The  coils  were  then  realigned  laterally  and  the  rotation  which  caused  the  dif- 
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ferential  voltage  for  1  per  cent  change  in  spacing  to  be  generated  was  deter¬ 
mined.  This  procedure  was  then  repeated  at  coil  spacings  of  0.2,  0.3,  0.4, 
and  0.5  in.  Table  1  summarizes  these  results. 

TABLE  1 

COIL  MISALIGNMENT  FOR  PERCENTAGE  ERROR  IN  DETERMIN- 
ATION  OF  COIL  SPACING 


Gage  Spacing,  i 
(in.) 

Lateral  Misalignment, 

(in.) 

Rotational  Misalignment, 
(deg) 

1% 

2% 

Per  Cent  Error 

3%  1% 

0.  1000 

+  0.020 

+  0.030 

+  0.036 

+  5 

0.2000 

+  0.032 

+  0. 045 

+  0.060 

+  8 

0. 3000 

+  0.040 

+  0.058 

+  0.072 

+  8.5 

0.4000 

+  0.050 

+  0.068 

+  0.082 

+  9 

0. 5000 

>  0.060 

+  0.078 

+  0.090 

+  11 

■  *** 

The  performance  of  the  gage  with  respect  to  rotational  misalign¬ 
ment  is  felt  to  be  adequate.  Experience  gained  in  working  with  the  gage  has 
shown  that  there  is  sufficient  latitude  tolerable  to  allow  for  proper  placement 

Lateral  misalignment  is  more  of  a  problem  with  respect  to  place¬ 
ment.  While  the  gage  is  much  less  sensitive  to  lateral  motion  than  to  axial 
motion,  the  lateral  motion  required  to  produce  1  per  cent  error  in  the  nulled 
spacing  is  of  significant  magnitude  with  respect  to  percentage  of  spacing 
distance  (approximately  15  per  cent  at  0.2  in.  spacing  and  12  per  cent  at 
0.  5  in.  spacing).  In  terms  of  actual  distance  this  allows  only  0.06  in.  at 
0.  5  in.  spacing,  implying  rather  stringent  requirements  on  placement  of  the 
coils,  especially  if  some  method  of  physical  disturbance  is  used  to  compact 
the  specimen. 
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The  effect  of  initial  misalignment  upon  determination  of  incre¬ 
mental  change  was  also  investigated.  For  static  measurements  this  effect 
can  be  seen  from  the  data  in  Table  1,  (since  statically  one  continually  re- 
nulls  the  system  to  determine  the  change  in  coil  spacing).  For  example,  if 
the  coils  were  misaligned  0.06  in.  laterally  at  0.  500  in.  spacing,  the  expected 
per  cent  error  in  determination  of  spacing  would  be  1  per  cent.  Movement 
of  the  coils  inward  to  0.2000  in.  spacing  without  further  increase  in  mis¬ 
alignment  would  increase  this  error  in  determination  of  spacing  to  only  3  per 
cent.  Dynamic  measurements,  however,  rely  on  monitoring  the  differential 
voltage  generated  when  the  coils  are  displaced  from  the  null  position. 
Measurements  were  made  to  determine  if  any  significant  difference  in  the 
generated  output  for  a  given  differential  displacement  of  the  coils  from  null 
occurs  with  the  coils  aligned  versus  misaligned. 

The  procedure  followed  was  to  null  the  gages  when  aligned,  and  then 
axially  to  displace  the  reference  coils  On  the  precision  mount  1  per  cent  of 
their  spacing.  The  coils  were  renulled  by  laterally  misaligning  the  other 
coils.  The  reference  coils  were  then  moved  through  a  series  of  incremental 
changes  over  a  range  of  ^  20  per  cent  of  the  coil  spacing  and  meter  output 
determined.  The  system  was  then  renulled  and  the  incremental  changes  in 
spacing  of  the  misaligned  coils  to  produce  these  same  meter  readings  deter¬ 
mined.  This  procedure  was  then  repeated  for  rotational  misalignment. 

Figures  9,  10,  11,  and  12  show  the  results  obtained  for  spacings  of  0.3  and 
0.  5  in. 

Figure  9  presents  the  data  for  lateral  misalignment  at  0.  3  in. 
spacing.  As  seen,  the  output  for  both  coils  is  identical  for  movement  of  the 
coils  together,  which  simulates  compression  of  the  specimen.  For  outward 
coil  movements,  simulated  tension,  the  greatest  difference  in  gage  spacing 
for  the  same  generated  differential  voltage  is  0.  002  in.  occurring  from  about 
0.03  in.  to  0.04  in.  incremental  change.  This  represents  a  maximum  error 
of  7  per  cent  in  the  determination  of  incremental  change  at  about  10  per  cent 
tensile  strain. 

Figure  10  shows  the  data  for  rotational  misalignment  at  0.  3  in. 
spacing.  The  curves  are  virtually  identical  to  those  for  lateral  misalign¬ 
ment  and  the  same  comments  apply. 
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Fig.  9  EFFECT  C)F  LATERAL  MISALIGNMENT  OF  DYNAMIC 
CALIBRATION  FOR  0.3-IN.  COIL  SPACING 
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Fig.  10  EFFECT  OF  ROTATIONAL  MISALIGNMENT  ON  DYNAMIC 
CALIBRATION  FOR  0.3 -IN.  COIL  SPACING 
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Figure  11  shows  data  for  lateral  misalignment  at  0.  5  in.  spacing. 
The  variance  in  the  curves  in  the  compressive  direction  represents  an  error 
in  determination  of  incremental  change  which  gradually  increases  from  zero 
to  0.001  in.  at  0.02  in.  incremental  change,  or  approximately  5  per  cent 
error  at  4  per  cent  strain.  This  per  cent  error  then  remains  constant 
throughout  the  entire  range  of  gage  sensitivity.  For  outward  movement  of 
the  coils  the  error  increases  gradually  to  approximately  10  per  cent  at 
4  per  cent  strain.  Again  it  then  remains  almost  constant  throughout  the 
range  of  gage  sensitivity. 

Figure  12  is  for  rotational  misalignment  of  the  coils  at  0.  5  in. 
spacing.  Correlation  is  much  better  in  this  case  with  essentially  no  error 
for  compressive  movement  of  the  gage  up  to  approximately  12  per  cent  strain. 
The  error  then  increased  to  about  5  per  cent  at  the  ultimate  range  of  gage 
sensitivity.  In  tension  there  was  essentially  no  error  up  to  4  per  cent  strain. 
Beyond  this,  an  error  of  approximately  5  per  cent  was  found. 

The  above  performance  of  the  gage  is  felt  to  be  satisfactory.  It  is 
unlikely  that  strains  greater  than  4  or  5  per  cent  will  be  encountered  with 
soil  in  tension.  Ten  per  cent  is  probably  maximum  in  compression  under 
dynamic  load. 

4  2  Static  Evaluation  of  Gage  Performance  in  Soil 

Evaluation  of  the  gage  under  static  loads  was  undertaken  to  deter¬ 
mine  (1)  the  ability  to  consistently  place  the  coils  within  the  design  tolerances 
of  lateral  and  rotational  alignment,  (2)  the  effects  of  lateral  and  shearing 
strains  which  would  tend  to  create  further  misalignment  of  the  coils,  and 
(3)  the  effect  of  gage  presence  upon  the  induced  strain  field. 

It  was  not  felt  that  all  these  effects  could  be  adequately  studied  in 
this  program.  A  thorough  investigation  of  the  effect  of  gage  presence  would 
require  comparison  of  relative  gage  size  in  a  controlled  test  series.  A  range 
in  gage  sizes  was  not  available  and  since  the  gage  was  in  the  developmental 
stage,  initial  study  had  to  be  restricted  largely  to  the  first  two  effects.  It 
was  decided,  therefore,  to  conduct  a  simple  test  in  which  these  effects  could 
be  properly  evaluated  and  at  the  same  time  some  feeling  for  the  effect  of 
gage  presence  could  be  obtained. 
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Fig.  11  EFFECT  OF  LATERAL  MISALIGNMENT  ON  DYNAMIC 
CALIBRATION  FOR  0.5 -IN.  COIL  SPACING 
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Fig.  12  EFFECT  OF  ROTATIONAL  MISALIGNMENT  ON  DYNAMIC 
CALIBRATION  AT  0.  5 -IN.  COIL  SPACING 
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The  test  selected  was  the  unconfined  compression  test  using 
cylindrical  specimens  of  kaolinite  clay.  A  range  of  moisture  content  was 
used  to  investigate  the  effects  of  varying  soil  stiffness.  Figure  13  lists  the 
characteristics  of  the  kaolinite  clay  and  shows  the  unconfined  compression 
load-deformation  curves  for  the  extremes  of  water  contents  used.  These 
data  indicate  the  range  in  soil  stiffness  examined.  Because  the  testing 
procedure  followed  was  directed  towards  strain  comparison,  complete 
load-deformation  records  were  not  obtained  for  every  test. 

By  using  a  clay  as  the  test  medium,  a  check  could  be  made  of 
misalignment  introduced  in  placement  and  any  further  misalignment  produced 
by  straining  the  specimen  by  carefully  slicing  through  a  tested  specimen  to 
expose  the  coils  and  then  mechanically  measuring  the  gage  spacing.  This  was 
then  compared  with  the  final  position  as  determined  by  gage  output. 

Investigation  of  gage  effect  was  limited  to  a  comparison  of  gage- 
computed  strain  with  average  strain  computed  from  total  deformation  of  the 
specimen  and  with  strain  computed  from  surface  measurements.  These  sur¬ 
face  measurements  were  used  to  compute  strain  graphically  in  the  following 
manner.  The  original  position  of  horizontal  lines  marked  at  intervals  long¬ 
itudinally  on  the  specimen,  as  measured  from  a  stationary  reference  point, 
were  laid  off  as  the  abscissa.  The  measured  absolute  movement  of  each  line 
was  plotted  as  the  ordinate.  The  slope  of  the  obtained  plot  is  the  strain.  As 
such,  it  was  thought  that  a  uniform  strain  field  might  be  generated  in  the 
specimen  up  to  3  to  4  per  cent  strain.  However,  this  was  definitely  not  the 
case.  Although  these  comparisons  cannot  indicate  the  degree  to  which  the 
presence  of  the  gage  influences  soil  response,  they  do  provide  some  estimate 
of  the  significance  of  this  effect.  Tests  were  conducted  with  two  coil  sizes. 
The  first  coils  developed  for  the  project  were  0.  15-in.  thick  by  1-in.  dia¬ 
meter.  The  final  coils  were  l/l6-in.  thick  by  3/4-in.  diameter. 

The  procedure  used  was  as  follows:  remolded  specimens  were  pre¬ 
pared  in  molds  2 . 8  in.  diameter,  4-in.  high  and  2. 8-in.  diameter,  6-in.  high 
which  were  lightly  coated  with  grease  to  facilitate  specimen  removal.  The 
clay  was  compacted  in  layers  using  a  Harvard  Miniature  compaction  tamper. 
The  gage  was  inserted  in  the  specimen  at  approximately  mid-height  during 
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KAOLINITIC  CLAY 


preparation.  Testa  were  conducted  with  the  gage  embedded  at  the  axial  center 
and  at  the  periphery  of  the  specimen.  It  was  found  necessary  to  stabilize  the 
relative  coil  position  while  the  soil  was  being  compacted  to  maintain  proper 
coil  alignment.  This  was  accomplished  by  inserting  a  l/l6  in.  diameter  rod 
through  the  center  of  the  two  coils.  The  rod  was  withdrawn  after  completion 
of  the  specimen.  After  the  specimen  was  removed  from  the  mold,  a  knife 
edge  was  used  to  score  the  surface  horizontally  at  intervals,  to  provide  a 
means  for  measuring  surface  strains. 

The  specimens  were  then  tested  in  unconfined  compression;  total 
specimen  deformation  was  recorded  by  means  of  a  dial  gage.  The  method  of 
loading  was  controlled  strain  modified  in  that  loading  was  halted  at  intervals 
to  permit  surface  measurements  to  be  made  with  a  cathetometer  equipped 
with  a  vernier  scale  to  permit  measurements  to  the  nearest  0.005  cm. 

After  completion  of  the  test  the  specimen  was  carefully  cut  in 
layers  until  the  top  of  the  first  coil  was  exposed.  A  dial  gage  was  then 
positioned  above  the  gage  as  shown  in  Figure  '  1  Several  readings  were 
taken  over  the  gage  face  and  an  average  value  was  obtained.  The  specimen 
was  further  cut  until  the  second  coil  was  exposed.  Again  several  dial  gage 
readings  were  taken  and  the  average  was  obtained.  The  difference  of  these 
two  values  less  the  thickness  of  the  upper  coil  was  used  to  get  the  clear  coil 
spacing.  These  measurements  are  felt  to  be  accurate  to  within  1  or  2  per 
cent.  Table  2  is  a  tabulation  of  final  coil  position  as  measured  mechanically 
and  as  determined  from  reference  coil  position  for  all  tests. 
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Fig.  14  DIAL  GAGE  APPARATUS  FOR  DETERMINA- 
TION  OF  FINAL  COIL  SPACING 
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TABLE  2 


FINAL  COIL  SPACING 


Test 

Coil  Spacing  -  (in.  ) 

Per  Cent 
Difference  in 
Measurements 

Mechanically  Measured, 

Hh  2  Per  Cent 

Reference  Coil 

1 

0.353 

0. 3485 

1.27 

2 

0.445 

0.4574 

3.02 

3 

0.  365 

0. 3640 

0.27 

4 

0.420 

0.4257 

1.36 

5 

0.391 

0. 3993 

2.  12 

6 

0.273 

0.2703 

0.99 

7 

0.409 

0.4142 

1.27 

8 

0.501 

0.4950 

1.22 

9 

0.493 

0.4805 

2.  10 

10 

0.410 

0.3927 

4.20 

11 

_ 

0.311 

0.3228 

3.80 
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The  per  cent  error  was  computed  assuming  the  mechanically  measured 
distance  to  be  the  correct  spacing.  This  error  includes  the  effects  of  both 
misalignment  in  placement  and  any  additional  misalignment  resulting  from 
lateral  and  shearing  strains  in  deforming  the  specimen.  As  may  be  seen, 
the  largest  error  is  4.2  per  cent  with  the  average  being  2  per  cent  or  less. 
These  results  definitely  established  the  reliability  of  the  physical  measure¬ 
ments  of  the  gages  under  static  load  applications. 

Figures  15  to  21  compare  gage  computed  strain  to  average  strain. 
Figure  15  shows  the  ratio  of  the  strain  computed  from  gage  output  to  the 
average  strain  for  the  larger  gage  embedded  in  the  center  of  4-in.- high  spec¬ 
imens.  It  may  be  seen  that  this  ratio  is  usually  greater  than  unity.  This  is 
as  might  be  expected  since  in  the  shorter  specimen  end  effects  would  be 
relatively  much  greater.  The  adhesion  of  the  specimen  to  the  end  plates 
tends  to  make  the  clay  stiffer  in  those  regions.  Because  of  this,  the  strains 
at  the  center  of  the  specimen  would  be  expected  to  be  greater  than  the 
average.  Figure  16  is  a  similar  plot  for  the  smaller  gage.  Again  it  can  be 
seen  that  the  ratio  is  greater  than  unity.  Very  little  difference  in  strain 
results  from  the  difference  in  gage  size.  It  is  suprising  that  in  some  instances 
the  gage  strains  are  as  much  as  20  per  cent  greater  than  average  at  only 
2  per  cent  average  strain. 

Figure  17  is  a  graphical  solution  for  strain  based  on  surface 
measurements  for  test  no.  5  (see  Table  2)  with  the  smaller  gage.  On  this 
basis  it  appears  that  the  periphery  strain  is  fairly  uniform  along  the  speci¬ 
men  length  and  compares  well  with  average  strain  up  to  about  5  per  cent  strain. 
This  is  typical  for  those  cases  in  which  the  gage  was  embedded  in  the  center 
of  the  specimen.  Above  5  per  cent  strain,  the  correlation  is  not  as  good,  due 
to  distortions  on  the  surface  resulting  from  the  formation  of  failure  planes. 

Since  the  strain  appeared  to  be  uniform  longitudinally  along  the 
specimen  surface,  it  was  decided  to  place  the  coils  at  the  periphery. 

Figure  18  shows  the  ratio  of  gage  computed  strain  to  average  strain  for  gages 
embedded  at  the  periphery  of  the  specimen.  As  can  be  seen,  the  ratio  rapidly 
becomes  less  than  unity  for  the  small  gage  and  is  much  less  than  unity  for  the 
larger  gage  embedded  in  a  softer  specimen.  The  strain,  as  computed  from 
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surface  measurements,  also  becomes  distorted  (Figures  >9  and  40).  The 
curves  tend  definitely  to  flatten  out  in  the  region  where  the  coils  are  located. 

It  is  believed  that  the  effect  of  gage  presence  was  more  pronounced  at  the 
periphery  due  to  boundary  conditions  since  there  was  much  less  soil  sur¬ 
rounding  the  gage  forcing  it  to  move  together 

Following  these  experiments,  the  gages  were  centrally  embedded 
in  6 -in  long  specimens  and  again  loaded  statically.  It  was  anticipated  that 
here  end  effects  should  be  reduced  resulting  in  a  more  uniform  distribution 
of  strain  throughout  the  specimen  Figure  21  shows  the  ratio  of  gage  strain 
to  average  strain  for  both  size  gages.  In  these  tests  the  stiffness  of  the  soil, 
assuming  the  stiffness  to  vary  inversely  with  the  moisture  content,  was  the 
dominant  factor  Both  gages  recorded  greater  than  average  strain  in  the  stiffer 
soil  and  less  than  average  strain  in  the  softer  soil  condition  This  was 
probably  due  to  a  combination  of  two  effects,  i  e.  ,  (1)  the  coil  was  very  stiff 
in  comparison  to  soil,  hence,  the  stiffer  the  soil  the  less  the  stiffness  mis¬ 
match,  and  the  less  the  effect  of  gage  presence,  (2)  at  the  higher  moisture 
content  the  soil  is  above  the  sticky  limit  and  adheres  to  foreign  materials, 
thereby  further  complicating  the  soil-gage  interaction  problem. 

Another  factor  which  was  considered  was  the  location  of  failure 
within  the  specimen.  If  a  failure  plane  occurs  through  the  gage  length 
( Figure  22a),  it  is  quite  understandable  that  gage  strain  could  be  greater  than 
average  strain  only  over  the  length!^  while  the  strain  is  computed  fromi. 
However,  the  gage  experiences  slippage  over  its  entire  length  Figure  2?b 
depicts  a  possible  failure  intersecting  the  coil  discs  It  is  probably  that 
this  type  of  failure  occurred  in  test  no  11  (Figure  2  ').  While  the  actual 
location  of  the  shear  planes  with  respect  to  the  coils  could  only  be  estimated 
on  this  test  because  the  gage  was  centrally  embedded,  it  did  appear  that  the 
upper  sliding  wedge  of  the  specimen  was  definitely  above  the  coils.  As  is 
suggested  in  Figure  2r’b,  this  tends  to  force  two  soil  wedges  out  and  can  , 
cause  extremely  high  stresses  in  the  gage  area,  producing  strains  much 
greater  than  average  Figure  22c  shows  a  possible  failure  plane  outside  the 
gage  area  Average  strain  in  this  case  would  be  increased  by  any  slippage 
along  the  failure  plane  while  the  gage  would  be  sensing  only  the  compression 
of  the  specimen  away  from  the  failure  zone.  This  could  explain  the  results 
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Fig.  15  COMPARISON  OF  GAGE  STRAIN  TO  AVERAGE  STRAIN.  LARGER  COIL 
tllNTRALLY  EMBEDDED  IN  THE  CENTER  OF  4-IN.  LONG  SPECIMEN 
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Fig.  16  COMPARISON  OF  GAGE  STRAIN  TO  AVERAGE  STRAIN.  SMALLER  COIL 
CENTRALLY  EMBEDDED  IN  4-IN.  LONG  SPECIMEN 
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Fig.  17  STRAIN  BY  GRAPHICAL  DIFFEKENTIATION,  SMALLER  COIL 
CENTRALLY  EMBEDDED  IN  4-lN.  LONG  SPECIMEN 


.  AQ  . 


0.400 


0.350 


0.300 


M 

< 

.  0.250 


0.200 


0. 150 


0. 15  in.  Thick, 

1.0  in. 

Oia.  Coils  Embedded  at  A 

Periphery 

J 

/ 

/ 

Slope 

s  0. 0492 

A 

Average  Strain 

s  0. 101 

/ 

Gage  Strain 

«  0.  0647 

y 

/ 

Slope 

>  0.0366 

Average  Strain 

>  0.  0506 

y 

Cage  Strain 

*  0.0435 

« 

9 

C 

5  0.100 
< 


0.050 


Initial  Cross  Section  Position,  x^,  (in. ) 

Fig.  19  STRAIN  BY  GRAPHICAL  DIFFERENTIATION.  LARGER  COIL 
EMBEDDED  AT  PERIPHERY  OF  4-IN.  LONG  SPECIMEN 
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Fig.  20  STRAIN  BY  GRAPHICAL  DIFFERENTIATION.  SMALLER 
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Fig.  21  COMPARISON  OF  GAGE  STRAIN  TO  AVERAGE  STRAIN  FOR  BOTH  SIZE 
COIL.S  CENTRALLY  EMBEDDED  IN  6-IN.  LONG  SPECIMEN 


Fig  22  POSSIBLE  LOCATIONS  OF  FAILURE  PLANES: 

(a)  Through  Gage  Lenj'th,  (b)  Through  Coil  Discs, 
(c)  Outside  Ga^e 


of  test  no  2  (Figure  tS),  the  only  test  in  which  gage  strain  was  less  than 
average  strain  for  the  gage  centrally  embedded  in  a  4-in.  -high  specimen 

It  is  felt  that  location  of  failure  planes  may  be  significant  even  at 
less  than  1  per  cent  strain.  From  Figure  14,  it  may  be  seen  that  the  slope 
of  the  load -deformation  curve  begins  changing  at  approximately  0.  02  in 
deflection.  In  the  specimen,  this  corresponds  to  0.33  per  cent  strain.  This 
change  in  slope  could  indicate  the  formation  of  failure  planes  and  the  begin¬ 
ning  of  effects  discussed  above  at  small  percent  strains 

In  summary,  it  appears  that  the  presence  of  the  gage  does  distort 
the  strain  being  measured  to  some  extent  With  the  coils  placed  at  the  spec¬ 
imen  periphery,  surface  measurements  are  distorted.  This  shows  up  as 
increased  soil  stiffness  in  the  vicinity  of  the  gage  It  is  believed  the  effect 
of  the  gage  is  more  pronounced  at  'he  periphery  where  there  is  less  soil 
surrounding  the  coils  forcing  movement  together  There  is  probably  greater 
effect  of  gage  presence  in  very  soft  clay  than  in  stiff  clay  due  to  greater  dif¬ 
ferences  in  the  relative  rigidity  of  the  coils  and  soil  and  the  increased 
adhesion  between  the  softer  soil  and  the  coils  Conclusions  relating  to  gage 
size  cannot  be  drawn  in  that  the  nonuniformity  of  strain  throughout  the  speci¬ 
men  is  of  far  greater  significance  than  the  difference  in  gage  sizes  used. 

Tests  were  next  conducted  to  compare  strain  from  gage  output  with 
average  strain  in  sand  specimens.  These  specimens  were  formed  by  pouring 
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sand  into  a  2. 8-in  -diameter,  6  in  -long  mold  with  a  rubber  membrane  lin¬ 
ing.  The  sand  was  poured  from  a  height  of  18  in,  to  produce  a  medium - 
density  (approximately  106  lb  per  cu  ft,  Figure  22)  specimen.  The  gage  was 
inserted  as  the  specimen  was  prepared  using  the  following  procedure:  Sand 
was  poured  to  a  predetermined  level,  near  mid-height  of  the  specimen.  A 
coil  was  placed  on  the  sand  surface,  positioned  in  the  center  of  the  mold  by 
a  1/16  in  diameter  rod  inserted  through  the  center  of  the  gage.  Sand  was 
then  poured  to  a  second  predetermined  level  from  1/4  to  1/2  in.  higher. 

The  second  coil  was  then  slid  down  the  rod  and  centered  at  this  level  A 
slight  amount  of  additional  sand  was  then  poured  and  the  rod  removed. 
Preparation  of  the  specimen  was  then  completed.  A  vacuum  was  applied  to 
the  base  of  the  mold  and  the  membrane  liner  sealed  over  a  cap  at  the  top  of 
the  specimen.  The  mold  walls  were  then  removed  and  the  specimen  was 
ready  for  testing 

Tests  were  again  conducted  applying  a  controlled  rate  of  strain. 
Figure  2  3  shows  the  ratio  of  gage  strain  to  average  strain  for  both  size  coils. 
Gage  strain  was  less  than  average  strain  for  all  but  one  measurement.  The 
nonuniformity  of  strain  throuj'hout  the  specimen  and  location  of  failure  planes 
probably  contributed  significantly  to  scatter  However,  it  appears  that  gage 
size  effects  in  sand  were  more  critical  than  in  clay.  This  may  have  been  due 
to  frictional  resistance  between  the  sand  particles  and  the  coil  discs,  a  con¬ 
dition  similar  to  that  which  occurred  in  clays  with  high  moisture  content.  In 
fact,  the  results  were  very  similar 

4  3  Dynamic  Evaluation  of  Gage  Performance  in  Soil 

Evaluation  of  the  gage  under  dynamically  applied  loads  has  to  date, 
been  confined  to  veri.fication  of  ga-ge  output.  For  this  investigation,  the  coils 
were  embedded  at  the  periphery  of  a  remolded  clay  specimen.  The  pro¬ 
cedure  of  specimen  preparation  and  gage  insertion  was  identical  to  that 
followed  for  the  static  tests.  After  removal  of  the  specimen  from  the  mold 
it  was  trimmed  rapidly  to  expose  the  edge  of  the  coils.  A  Fast camera  was 
then  positioned  to  record  coil  movement  during  transit  of  an  applied  shock 
load  caused  by  dropping  a  weight  on  the  specimen. 
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%  Average  Strain 

Fig.  23  COMPARISON  OF  GAGE  STRAIN  WITH  AVERAGE  STRAIN,  BOTH  SIZE 
COILS  CENTRALLY  EMBEDDED  IN  6-IN.  LONG  SAND  SPECIMEN 


Gage  sensitivity  and  calibration  varied  with  coil  separation  or 
spacing.  Because  of  this,  calibration  was  required  after  the  coils  wo.c 
embedded  in  the  test  specimen  and  this  separation  determined.  Calibration 
was,  however,  a  short  and  simple  procedure  which  was  accomplished  im> 
mediately  prior  to  testing,  thereby  eliminating  possible  errors  which  might 
have  introduced  changes  with  time  and  temperature  The  procedure  was 
that  given  in  section  3  3 

Load  was  applied  by  means  of  a  falling  weight.  The  specimen 
was  positioned  beneath  a  3  in.  diameter  tube  through  which  a  5-lb  weight 
was  dropped  from  a  height  of  8  in.  Gage  output  was  recorded  on  an  oscil¬ 
loscope  which  was  triggered  as  the  weight  left  the  tube. 

A  plot  of  gage  spacing  versus  time  was  then  obtained  from  both 
the  oscilloscope  record  and  from  the  high  speed  motion  pictures  Figure  i 
is  an  enlargement  of  the  oscilloscope  record  with  plotted  check  points  obtain¬ 
ed  from  the  film  As  can  be  seen,  the  correlation  is  quite  good.  The 
scatter  is  of  the  order  of  magnitude  of  the  accuracy  with  which  the  film  can 
be  analyzed 
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CONCLUSION 


A  gage  operating  on  the  principle  of  an  air -core  differential  trans¬ 
former  and  a  null-balance  system  appears  to  offer  a  satisfactory  method  of 
measuring  strains  in  soil.  With  proper  electronic  amplification  and  record¬ 
ing  circuitry,  the  gage  is  extremely  sensitive  to  small  axial  differential 
movements,  yet  is  relatively  insensitive  to  the  effect  of  lateral  and  rotational 
displacements  such  as  might  be  produced  by  lateral  and  shearing  strains. 

The  instrument  is  adaptable  to  a  wide  variety  of  soil-strain 
measurement  applications  and  has  many  additional  desirable  features 

(1)  There  is  no  physical  transducer  between  the  driver  and  sensor 
coil  in  the  soil  sample.  As  such,  the  soil  may  be  placed  more 
uniformly  within  the  gage  length  and  actuation  of  the  gage  offers  no 
resistance  to  the  movement  of  the  soil.  This  is  a  significant 
improvement  over  a  mechanically  coupled  gage  which  not  only 
complicates  uniform  placement  of  the  soil  but  also  requires  that 
protection  be  given  to  the  moving  linkage  to  prevent  binding  by 
interference  of  soil  particles 

(2)  The  instrument  has  a  wide  frequency  response  thereby  making 
possible  the  measurement  of  transient  strains  with  rise  times  of 
less  than  75  microseconds. 

(3)  Precise  spacing  of  the  two  coils  as  they  are  being  inserted  in 
the  soil  is  not  required 

(4)  In  static  tests,  accuracy  of  better  than  one  per  cent  of  initial 
spacing  can  be  attained  Calibration  for  dynamic  tests  can  be 
made  quickly,  simply,  and  precisely,  providing  accuracy  on  the 
order  of  two  per  cent  of  initial  spacing 

(5)  The  sensor  and  driving  coils  can  be  made  in  different  sizes 
to  most  readily  adapt  to  the  specific  application. 

Tests  have  shown  that  the  gages  can  be  consistently  placed  within 
the  design  tolerances  to  produce  a  high  degree  of  accuracy.in  measurement. 
The  method  of  placement  used  in  the  tests  has  the  disadvantage  that  witK- 
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drawal  of  the  rod  used  to  align  coil  position  while  the  specimen  was  being 
formed  leaves  a  small  hole,  but  this  is  not  believed  to  be  significant.  For 
specimens  constructed  with  only  a  slight  amount  of  agitation,  such  as  a 
poured-sand  specimen,  the  coils  may  be  placed  quite  satisfactorily  in  small 
specimens  by  eye,  while  in  large  specimens  a  plumb  bob  v.’ould  j\llow  suf¬ 
ficiently  accurate  placement.  However,  for  samples  which  require  a  heavy 
agitation,  such  as  a  procter  hammer  for  compaction  of  clay,  some  means 
must  be  used  to  stabilize  the  coil  positions  until  the  compaction  of  the  soil 
in  the  vicinity  of  the  gage  is  completed. 

The  gage  suffers  the  drawback  of  all  gages,  in  that  by  its  very 
presence  in  the  soil,  it  influences  somewhat  the  phenomenon  which  it  is 
meant  to  measure.  Tests  results  have  given  an  indication  of  the  distortional 
effects  of  this  gage  on  the  strain  field  in  its  vicinity  but  additional  investiga¬ 
tion  is  required  to  fully  evaluate  gage  performance  This  effect  does  appear 
to  be  of  significant  magnitude  when  embedded  in  sand.  When  embedded  in 
clay,  the  effect  of  gage  presence  appears  to  be  much  less  pronounced  and, 
in  fact,  may  be  negligible  in  stiff  soils .  Detailed  conclusions  as  to  gage 
effects  in  either  medium  cannot  be  made  without  further  detailed  study  It 
would  appear  desirable,  however,  to  reduce  the  coil-size  spacing  ratio. 

This  may  be  accomplished  by  further  refinement  in  electronic  instrumenta¬ 
tion  to  permit  fewer  number  of  coil  windings  and  by  winding  the  coils  with 
finer  wire 
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6. 


RECOMMENDED  FUTURE  WORK 


To  evaluate  the  significance  of  the  effect  of  gage  presence  and  to 
reduce  this  effect  by  refinement  and  modification  of  the  gage,  it  is  recom> 
mended  that  the  following  studies  be  undertaken: 

6.  1  Soil  Mechanics  Studies 

(1)  Make  up  a  number  of  identical  coils  and  put  them  in  various 
size  molds  to  obtain  a  range  of  over -all  gage  sizes. 

(2)  Prepare  large  soil  specimens,  perhaps  6  in.  in  diameter,  in¬ 
serting  a  number  of  gages  at  various  positions  radially  from  the 
center  at  the  same  cross-section  near  the  top,  center,  and  bot¬ 
tom  of  the  specimen.  Strain  would  then  be  obtained  from  (a)  the 
output  of  each  gage,  (b)  total  deformation  of  the  specimen,  and 
(c)  a  surface  measuring  technique.  Careful  analysis  could  be 
made  as  to  location  of  failure  planes.  Results  could  then  be 
analyzed  to  determine  trends  relating  to  gage  size-spacing  ratios. 

(3)  Prepare  smaller  specimens,  3  in.  and  1  in.  in  diameter  in  as 
reproducible  a  manner  as  possible.  Test  these  without  gages  and 
with  gages  of  varying  sizes  Both  load  and  strain  could  be 
recorded  and  a.ialyzed  to  determine  if  any  effect  in  over -all  load- 
strain  characteristics  of  the  specimen  can  be  related  to  gage  size. 

(4)  Prepare  specimens  in  a  slurry  and  consolidate  with  gages  in 
place.  The  soil  should  be  quite  uniform  throughout  these  speci¬ 
mens,  including  that  in  the  vicinity  of  the  gages.  Thus,  the 
influence  of  specim.en  nonuniformity  due  to  preparation  and  gage 
insertion  should  be  reduced  to  a  minimum.  Tests  would  be  con¬ 
ducted  as  in  (1)  and  (2)  above.  Results  again  would  be  analyzed  to 
determine  trends  related  to  gage  size.  Comparison  of  any  trends 
established  here  would  be  made  with  those  established  in  (1)  and 
(2)  above  to  determine  if  the  method  of  placement  causes  any 
significant  changes  in  strain. 


6.  2  Electronic  Studies* 

Alternate  Coil  Design 

(1)  Modify  present  arrangement  of  coil  pairs  to  replace  pick¬ 
up  coils  by  a  thin  flat  metal  plate  The  two  driver  coils  in  this 
case  would  be  balanced  in  an  inductance  bridge  circuit  As  the 
coil  and  metal  plate  move  together  the  coil  inductance  changes, 
thereby  producing  a  proportional  unbalance  in  the  inductance 
bridge  circuit.  Preliminary  investigation  of  this  principle  has 
been  made  and  sensitivity  appears  to  be  of  a  satisfactory  magnitude 
Modification  of  the  present  electronic  amplifying  equipment  will 

be  necessary  to  make  a  more  detailed  examination.  If  this 
principle  proves  satisfactory,  investigation  could  be  conducted  as 
to  the  feasibility  of  using  structural  models  as  the  replacement 
for  the  pick-up  coil  Thus,  an  extremely  useful  tool  for  the  study 
of  the  soil -structure  interaction  problem  may  be  developed 

(2)  Investigate  feasibility  of  applying  the  principle  of  operation 
of  the  present  gages  to  develop  a  gage  for  field  use.  This  would 
necessarily  mean  using  larger  coils  and  more  refined  instrumenta¬ 
tion  It  is  recommended  that  a  preliminary  investigation  be  made 
to  determine  the  size  coils  which  would  be  required 

Improvement  of  Coil  Design  and  Electronic  Auxiliaries 

(1)  Study  just  how  small  the  gages  could  be  made  and  still  retain 
enough  sensitivity  so  that  small  changes  in  coil  separation  can 
be  detected  within  accept  de  tolerances  Coil  sensitivity  in  the 
normal  direction  is  related  to  the  number  of  turns  of  the  coil  and 
the  sensitivity  of  the  electronic  equipment.  It  is  obvious  that 
fewer  turns  reduces  the  size  of  the  coil  However,  this  also 
causes  a  loss  in  coil  sensitivity  From  the  concept  of  soil-gage 
interaction,  it  is  advisable  to  make  the  gages  as  small  as  possible. 
However,  there  exists  some  minimum  size  under  which  the  low 
sensitivity  becomes  prohibitive,  regardless  of  the  degree  of 
refinement  attained  in  instrumentation. 
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(2)  Undesirable  coil  sensitivity  to  transverse  and  rotational 
movement  seems  to  be  related  to  the  ID  of  the  driver  coil  and 
the  OD  of  the  sensor  coil.  Present  data  on  this  effect  are  limited 
but  it  seems  reasonable  that  there  exists  some  OD  sensox;^ID 
driver  ratio  that  will  give  the  lowest  sensitivity  to  these  move¬ 
ments  and  not  distort  the  uniform  magnetic  field.  By  finding  the 
most  adequate  ratio  to  give  the  lowest  sensitivity,  the  possible 
movement  of  one  coil  in  relation  to  the  other  in  these  directions 
becomes  maximized. 
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APPENDIX  I 


ELECTRONIC  AUXILIARY  COMPONENTS 


TABLE  I-l 


COMPONENT  PARTS  LISTING 


Component 


Manufacturer 


Stocknumber  or  Manufactur 
Identification  Numbor 


Powjr  Supply 


Dressen-Barnes 
Electronics  Corp. 


Model  20-30 


scillator 


R1,R9 

R2 

R3,R10 

R4 

R5,R6 
R7,  R8 


C2,C5,C7 

C3,C4 

C6 


^  C8,C9 
CIO 


Q1,Q3 

Q2 


Delta  -  F 


General  Ceramics 


Standard  items 
available  any 
electronic  supply 
I  house . 


R17,R19,R20,R26 


j  Standard  items 
j  available  any 
1  electronic  supply 
; house . 


Texas  Instrument 


P  S.  Model  20-30 


Type  F671-H 
CF  214 


.25MF 

lOMF 

0.05MF 

O.OIMF 

0.  02MF 

0.003MF 


2N  696 
2N  338 


TABLE  l-l(Cont  ) 


Component 

Manufacturer 

Stocknumber  or  Manufacturers 
Identification  Number 

Silicon  Diodes 
D1,D2,D3,D4 

Sylvania 

IN  914 

.P  Filter 

United  Transformer 
Corporation 

F.’t<  i  Me*  '" 

Simnson 

Model  1329  (100-0-100  Micro¬ 
ammeter) 

Transistor  Holder  and 
Heat  Sink  (2) 

lERC  -  Magnus  on 
Associat'is 

lERC  TXB-032-037B 

Steatite  Ceramic 
Insulation  Switch 

Oak 

57F637 

Plug 

>.mphenol 

Amphenol  M58106  A145-5P 

COILS  The  driver  c;iil£  (300  turns)  and  the 

sensor  coils  (150  turns) 

were  manuft.ctured  for  the  Armour  Research  Foundation  by 
the  Rockville  Indiana  plant  of  I?ORMEYER  INDUSTRIES 
These  coils  are  identified  as  Part  Numbers  3701  and  3702 
on  a  Dormeyer  quotation  dated  15  January  1963,  in  response 
to  an  Armour  Research  Foundation  Purchase  Order  No  53560, 


57 


lOK  Pot  Located 


Fig,  I-l  ELECTRONIC  CIRCUIT  COMPONENT  LOCATION 
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DRESSEN-BARNES  ELECTRONICS  CORPORATION® 


I  SKOflMIIONS  Kill  SnNDAM  IMirS  (nr  m.  uia.i 


INPUT: 

REOULATION: 


RIPPLE: 

OUTPUT 

niPEOANCE: 

TRANSIENTS; 

OVERLOAD 
PROTECTION: 

CONTROLS: 

TERMINATIONS; 

MAXIMUM  OPER¬ 
ATING  AMBIENT:  SO  dtfrtM  e*nll(ndt 

OVERALL  SIZE:  1-1/S  tactas  wld*.  B-1/4  laehM  Uf^  1  iMhM  OMp. 

WEICRT;  N«t:  I  pound*;  Shlpplii(;  4  pound*. 


OUTPUT: 


Model 

Nom. 

Volt. 

Vott. 

Adi. 

(%) 

Currant 

(MA) 

Modal 

htom. 

Vott. 

Vott. 

Adi. 

{%) 

Currant 

(MA) 

Modal 

Nom. 

Vott. 

Vott. 

Adi. 

(W 

CWTfWl 

OMA) 

10-1 

1 

750 

10- U 

13 

SOO 

20-32 

31 

as 

too 

SO-I 

3 

ISO 

10-14 

14 

SOO 

20-26 

30 

as 

170 

10-4 

4 

750 

10-IS 

IS 

47S 

20-40 

40 

as 

no 

10-S 

S 

at 

ISO 

10-16 

It 

El 

47S 

20-48 

kT^^I 

at 

no 

M-t 

s 

as 

ISO 

10-16 

16 

EfI 

■ia 

20-80 

80 

at 

238 

10-T 

7 

as 

6S0 

10-20 

20 

as 

20-88 

88 

at 

too 

lO-S 

S 

as 

800 

10-11 

tSM 

tS 

400 

20-00 

60 

at 

ITS 

M-t 

0 

as 

SSO 

20-14 

as 

178 

20-78 

16 

at 

US 

10-10 

10 

as 

sso 

20-26 

tifl 

as 

uSm 

20-60 

60 

at 

IIS 

lO-ll 

11 

as 

SSO 

ttflB 

_tfl _ 

20-60 

60 

at 

too 

10-11 

11 

at 

sso 

W 

■rrril 

20-100 

100 

at 

too 

MOnnCATIONS;  D  your  S0.S«rl*«  Pov*r  Sqipty  BMid*l  i*mil>*r  S*a  *a  "M"  mEIIii.  t  to  • 
modUtod  untt.  11w.(oUe*li«  UU*  dofto**  vnrtow  *laa*rd  ■odHtoMtoas: 


Modtftoatloa 
CodafSxlllx 
to  Modal  No) 

Daacrlptloo  or  ModUUalloa 

ModUleatton 
CodaVifttx 
to  Modal  No) 

Daaertptloo  or  ModUtoattoa 

rrw 

Octal  Plug  (Inataad  of  colder 

M80 

Ml  aadMTSO 

terminal*) 

Ml.  MTtOaadMTS 

Ml  and  MTt 

Ml,  MTtOaadMTt 

Ml  and  MTt 

Ml.  MTtOaadMTt 

Ml  and  MTt 

Ml,  MTtO,  hmaadUTt 

Ml,  MTtaadMTt 

Ml.  MTtllk  MTt  aad  MTt 

lit 

Ml,  MT2  and  MTt 

Ml.  MTtOl  MTt  aad  MTt 

M7 

Ml,  MTt  and  MT4- 

MTIO 

tl0«  adtaat  (laMaad  tt  aM) 

MTt 

Ramot*  Sanalag 

MTtt 

hiTtOaadMTS 

MTS 

Remoto  Voltag*  Ad|**l 

HTSt 

MTtOaadMTt 

MTt 

Ramot*  Paa* 

MTtt 

MTSOaadMTt 

MTI 

MTtaadMTt 

MTH 

MTtO,  MTtaadMTt 

MTt 

MTtaadMTt 

MTSt 

MTSO.  MTtaadMTt 

MT7 

MTtaadMTt 

MTS? 

MTSOb  MTtaadMTt 

lOS  to  US  volt*  AC.  *lngl«  ph***  60  to  400  eyel**  p*r  saeoad. 

For  a  tin*  ehnnf*  Irom  lOS  to  US  vott*  AC  th*  mulmum  output  voRafo 
etouif*  I*  10  millivolt*. 

Per  a  load  ehani*  from  Mro  to  maatmum  rated  eurraal,  th*  uiaalmum 
output  volUt*  ehanp*  I*  10  mlllivell*. 

Th*  maximum  rlppl*  la  1  millivolt  RMS  under  all  eondttloii*  withia  rated 
operating  rang*. 

SOO  kllocyel**  I,  S  ohm*.  Imp*d*ne*  may  b*  rodiiead  a*  dealrad  by 
adding  eapacitane*  •xternally  aeroaa  tha  output. 

No  turn-on  or  turn-off  tranaiant*.  Ho  tranalanta  du*  to  Ua*  voltag* 
Chang*.  Th*  maximum  load  tranalMit  racovary  Itm*  1*  100  mteroaaaaudi. 

Tki*  aarla*  of  DC  power  aupplla*  I*  protaeted  agalaat  ovarload  by  a  DC 
fua*. 

A  voltag*  control  aeeaaalbl*  from  th*  tap  of  th*  can*  varla*  th*  output 
voltage  over  th*  r*i«*  apaclfiad  for  each  Individual  modal  (■**  OVTPVT). 

Solder  terminal*  are  the  atandard  livut  and  output  tarmtaattoa*  for  Ihia 
aerie*  of  DC  power  aupplle*. 
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a  MNBui  afscMmoN 

Tfea  M  SartM  DC  tattr  li^pHw  prete*  •  ragnliM  DC  voKim 

JoatebU  to  it%  oad  *10%  of  Mmlakl  «elia(0  M  eolpiil  eirroalo  Inm  loro  to  matfiiw 
ntoO  eurroot  (mo  OpocUleotlOM,  pof*  I,  (or  loOIrldool  ■oM  —boro  mO  oa^aiO*). 
Tbo  OHppltoo  or*  rofitlotod  ofolool  obaagM  bi  Ita*  oo^ar  looO  ooMNUom.  Tb*  lafar- 
malloa  la  tbla  auiaual  la  goMral  oad  oevora  all  M  OorlM  Paaror  Oapjlloo.  Naiar  to 
taMit  "A"  (or  a  elroutt  dtaigram  aad  ropiMooMat  paita  Uat  of  pour  povor  aojppip, 

t-t.  rLOATINO  OUTPUT 

Tb*  pin*  (*)  aad  ailaa*  (•)  ootpot  tanalaola  ar*  laoBlatod  (roai  obaMla  froaad.  Klbar 
output  tormlaal  aap  b*  ffouadod.  Sovoral  oi^plloo  B«p  b*  oaaoaotod  bi  oortop  lor 
M^iorvottafobf  ooafaetlactbolaetarpior  taotruetlOM.  fturallol  oporutloa  of  tbo 
wiplloo  I*  aot  roooaiBioadod. 

m  MSPfCTKW 

Wboo  a  M  SoriM  Modal  Pouor  Oapplp  I*  roeobrofk  laopiot  It  lor  aap  daauig*  it  aap 
bar*  rooolTod  bi  obipuioal. 

Oporat*  tb*  pouor  *i«plp  to  B«b*  ooitabi  tbal  b  I*  (oactlnatat  obUofaetortlp  (aoo 
Paracrapb  d-t,  CHtCIC-OUT  PMCBOUm). 

IV  0KRATM6  tfiSnUKTIOIIS 

4<1.  INPUT  AND  OUTPUT  COMNBCnOMi 

Tb*  tapul  aad  ou^  tonubud  dMlgaattaao  ar*  abeva  a%aaaal  to  tbair  raapaattro 
tonalaala.  Om  Flour*  t  aad  laaort  A  arbauMUo 

4<i.  VOLTAOC  CONTNOI. 


Tb*  uoMat*  ooalrai  *tU  bKraaM  tb*  oMpal  ToMafo  vbaa  ralatad  bi  a  lloobulM  dbao- 
tioa.  Ad)**t  tb*  roMat*  ooatrel  to  tb*  doatrod  uoMac*  H  bMtaalod  bp  aa  — iriailli 
aomactad  aotar.  (k*  Fig 
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V  QRCUIT  DESCMPTION(tM  ri(.>  BtMdaa  elretUtrytyptealottOlwtofawdvlM 

TIm  bitMt  volUc*  ia  appUad  dlraetly  to  traitaloraiar  Tl. 

Tha  AC  output  of  Tl  ts  dlvldad  Mo  two  aoeoodarp  wlodtafa  aad  raetitlod  bp  diodao  CM 
and  CRI-CRS. 

Tka  DC  output  (ram  dioda  CRl  ta  amoothad  bp  aa  R>C  (IHar  (eapaeltora  Ct  aad  Cd  aod 
raaMor  RIS)  aad  uaad  (or  blaa  auppip  voltafo. 

Tba  DC  output  (rom  CRS>CR$  ta  aaaoothad  bp  eapaeltora  Cl-Cl.  A  abort  elroalt  IbalUaf 
raaMor  (RO  abaorba  omat  at  tha  rallaga  akaad  at  traaalator  91  widar  a  abort  eirouR 
aurga,  Tkla  timtta  tha  watlaga  aeroaa  Ql  to  a  valua  balow  Ita  amatmuat  dtaatpatloa 
apaeUleatloa. 

Tha  DC  roUagaa  aeroaa  eapaettora  Cl-CS  aad  Ct-Ct  will  ebaaga  wKk  ehaagao  te  output 
lead  eurraat  aad/or  Input  roltaga  eoodltloaa.  Tka  vollaga  aeroaa  eapaeltora  Ct>Ct  ta 
ahrapa  kighar  than  tha  output  voltaga  at  tha  powar  auppip. 

To  roguMa  tha  output  voltaga,  a  aarlaa  raguMor  la  eoanaelad  batwaaa  fuaa  ri  lad  tha 
aagatlva  (-)  output  tarmlnal.  Thla  ragulator  eoailala  at  a  powar  traaalator,  Ql.  TMa 
IraaaMor  la  ao  eontrollad  that  It  will  ahrapa  abaorb  tka  dUlaraaea  batwaaa  tba  uarayila- 
tad  vollaga  at  FI  and  raguMad  output  voltaga  at  tha  powar  auppip. 

A  ataadp  ralaraaea  vrdtaga  at  approilmalalp  5  volla  la  provldad  bp  tka  Taaar  dtoda  Bt. 
Thin  ralaranea  voltaga  la  eonnaetad  to  tka  haia  at  traaalator  Qt,  through  roalalor  HI. 
Raalatora  M  and  RIO  oompaoaata  lor  Una  ehangaa  bp  aUawlag  a  aaaall  eouipaaaaaiag 
eurraat  to  (low  through  Zt. 

Raalatora  RT  to  Rll  (orm  a  voltaga  dlvldar  atrlng.  blaaing  tho  baaa  at  Inaalalor  Ql 
approaUaatalp  aqual  to  tha  baaa  o<  Q4.  U  tha  vollaga  aeroaa  oao  at  tha  raalatora  la  hiM 
eonotanl,  tha  oi^  vollaga  la  eooaUat.  Tha  alrlag  raaMor,  R*  eoatrola  tho  aidput 
vollaga  awing. 

B  tha  vollaga  aeroaa  raalatora  Rl-Rll  ahould  ehoaga,  tka  blaa  oa  tha  boaoa  at  tba 
dlRaraaca  anaplKiar,  Q4>QS  would  no  loogar  ba  aqual.  Thla  ehoaga  la  aaiplidad  at  Ibi 
eoltaetar  at  Qd  wUeh  drivoa  Q3.  Tka  output  (rom  Ql  la  amplUlad  bp  Ql.  Tho  eulpal  at 
Ql  conirola  tho  aarlaa  ragulator  Ql.  A  taw  mllllvolta  elaa^  aeroaa  M-Ml  will  aaaqpia* 
lalp  oontrol  tba  voltaga  aeroaa  tba  aerlaa  ragulator.  Tba  ehoaga  ta  voRata  aeroaa  tba 
aarlaa  ragulator  la  ahrapa  tha  amount  raqutrad  ta  provaal  (urtbar  ehoaga  la  voRafa 
leroia  RT-Rll  aad  tkarolori  ebaaga  In  output  voR^. 


rig'.t  1  ClreuR  lebaaialte 


DRESSEN-BARNES  ELECTRONICS  CORPORATION  ® 

VI  MUnnUIK! 

•-1.  CLCANWO 

The  ImM*  of  tb*  «Bll  may  baeomt  eoatad  with  dwt  wMeh  Impalri  propar  eoeliac.  Ra- 
BM*a  tha  partaralad  eaaa  avary  taw  aaontka  (dapaadtaf  oa  daal  eeaditloaa)  aad  raawaa 
aay  dvat  McyaaaUtlea  tram  tka  eaaa  aad  eoaipMMnU.  Caoa  raawval  latiraetloaa  ut’ 
prlotad  oa  tha  aMa  ol  tha  aait. 

••a.  CHECK-OUT  ntOCtDtmti  UOULATION  k  MPPLE  AND  DiPBIMNCB 

For  ehaek>aut  o<  tha  10  tarlaa  DC  Powar  SvppUaa  ofalaot  Draaaaa  Diraaa'  IpaetWBtMeaa, 
ooa  rifwaa  1  oad  4, 

0-1.  IIAXIMUM  AMD  hUNDitM  OUTPUT  VOLTAOB  IBTTINO 

Tka  ootpot  voitaca  ahooM  awlaf  aS%  or  alO%  of  tka  aemlaal  voMaca  of  tka  powar  pkppfy. 
(SaaSpMifleattoaa,  P^at  (ilorladtvichialBkodalaamkaraBadaa^aU).  IlhaaolpiA 
vetthfa  la  too  low  or  too  kipl^  It  will  ka  oaeaaaary  to  ekaiia  tha  vhloao  af  raalpttaa  Rf 
taf/or  RIO  by  ehaii(tac  tha  aalaa  of  thair  ahaot  raalotora  HI  aa^or  Rll.  IhBMag  MO 
daoroaaaa  tha  ootput  volla«a  aad  ahaatlac  RT  lacroaaao  tha  atdpwt  aaHaca . 

0-4.  OVERLOAD  PROTBCnON 

Ba«k  modal  af  tha  10  Sartaa  Powar  lappllaa  mmH  ho  oparatad  wRh  tha  paapar  «ahw  lav 
laaa.  PI.  Tha  taoa  aalaa  la  daalgaalad  oa  tha  aamaplata  of  aaeh  aaR. 

0-1.  TROUBLE  LOCALIZATION 


TROUBLE 

PROBABLE  CAME 

WLUnON 

NoDCoalpal 

aoRato 

1.  Paoa  PI  Uowa 

1.  Roplaoafaaa 

1.  Opaa  traaalator 

Ql,  qi  or  01. 

1.  Raplata  traaalator  Ql 
tlrat.  ThaaQlaadQI 
raopaatlraty. 

RI(bDCoolpot 

voEata 

1.  Ikortad  aarlaa 
rapalator 
traaalator  Ql. 

1.  Raplaca  traaalator  QL 

1.  Ikortad  dRIaraaea 
aavltflar  traaalator 
00. 

1.  Ropiaea  aaotakad  palR 
QfaodQI. 

OCoalpal  aoRafa 
anatla  hlfh  rippla 

1.'  Dataotlvo  Zaaar 
dtoda  Z1  or  Zl. 

1.  Raplaaa  11  aa^ar  El. 

1.  Dataatlra  roolator 
RTorRlO. 

1.  Baplaai  RT  aa^or  RIO. 

ftwar  oapply  will 
aot  ragalala 

1.  DNoatlra  aarlaa 
rofalator  traaalator 
Ql. 

1.  Raplaaa  OafaNlra 
liaaoRtor  Ql. 

0-0.  PARTI  REPLACEkfENT 

Refer  to  Vablel-id  for  circuit  diagram  and  replace¬ 
ment  parts  list  of  your  power  supply. 
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V*M«ILt  AUTOTKANtrOKMfM 


1.  CowMCt  Ibt  power  oupply  AC  Input  to  tho  vnrUbIt  nulotniMtornor  pa  ahowa. 

I.  CowMCl  AC  rottiMtor  Ml  acroaa  output  e(  vnrinbit  PutotranaforaMr  aa  ahawa. 

I.  Coaaiet  load  raalator  RL  to  Iba  output  tnrmtaala  ct  tha  powor  aupplp  tb(oa(k  awReh  Mil 
aad  DC  aaimttar  M3.  Tha  load  raatator  Rl  ahould  ba  aoeb  that  tha  rated  Mad  aarraat  la 
ebtetaad  wtth  rated  output  yoUtfa. 

4.  Connaet  a  dtflarantut  rottmatar.  M4,  DtRECTLY  to  tha  power  aupply  output  teraiaala. 
The  dUteranttal  voltmeter  muat  NOT  be  comtaetad  to  tha  load  pr  to  the  wiraa  fotaf  le.tha 
load. 

8.  Conaaet  an  AC  vaeuuffl  tuba  voKmatar.  M3,  with  ahteldad  laada  to  tha  output  taraMaala 
at  the  power  aupply. 

8.  LOAD  REOUtATlON  CHECK 

a.  Adlual  varUbla  autotnaatofmar  lor  118  voRa  aa  ladteatad  bp  Ml. 
h.  Cteea  load  awReh,  8W1,  and  adluat  load  raalator  Ri,  for  rated  output  aurraat  aa  ladteated 
hp  M  with  tha  power  auppty  output  aat  at  ratad  voltaca. 

0.  Tha  load  rafulatloa  eaa  ba  maaaurad  by  attamately  opaalag  aad  elealag  awRah  dWl  aad 
ohaarvlag  tha  voltaga  ehaoga  on  tha  dllfarantlal  voltnMtar,  M4, 

7.  LWE  REGULATION 

wiia  rated  output  currant,  SWlcloaad.  vary  tha  Una  voltaga  aa  ladicatad  by  Ml  Iraai  188 
to  118  volte  by  maana  o<  tha  vartabla  autetraaaloraaar.  Tha  Uaa  ragniBtloa  aaa  ha  al»> 
aarvad  oa  tha  dlffaranttot  v^matar,  M4. 

8.  RIPPLE 

Wfiatea  AC  Input  vottaga  aat  at  118  volte,  rated  oute<d  currant  tad  voUagak  tha  ripgia 
BMy  ba  ohaarvad  on  tha  AC  vacuum  tuba  voRaaMar  M3, 


rtf-  r  -  4  Tael  Setup  (or  Ragatotlon  and  Ripple  Check 


1.  Connaet  output  of  power  aupply  aa  Indleatad  above.  Connaetlona  to  Inatruwaat  aaaa 
groundi  ahould  ba  obaarvnd.  AU  eonnactlona  ahould  ba  aa  abort  aa  poaatolo. 

t,  Adtoat  tha  power  nuppty  output  voltaga  to  rated  value.  In  eaaa  tha  rated  onipnl  voRago 
amoadi  tha  amalraum  Input  voRaga  rating  o(  any  ol  the  teat  laatmmanto,  aot  tho  anipal 
voRaga  to  a  value  that  dona  not  aaOaad  the  DC  Input  rating  of  tha  laatruaioate. 

8.  Eat  tha  load  raalator  ao  that  appronlnmtaly  90  percent  rated  load  enrroat  la  ohtolaod. 

4.  8al  the  AC  vacuum  tuba  voRnaator  range  to  100  mllllvoite  fall  oeala. 

8.  WRh  the  vacuum  tuba  voKmatar  coonactad  to  point  8,  adluat  tha  output  autolltudo  of  tha 
cnrlahla  oacUlator  untU  a  reading  of  100  mllllvoite  la  ohtalnad  on  tho  vacuam  taho  vaR- 

HMtVa 

8.  Conaaet  tha  vacuum  tuba  vMtaaatnr  to  point  I. 

7.  Tha  fanpadanea  In  ohma  at  tha  particular  Irasoaney  aatting  of  the  vartoHa  naolllator  M 
oguai  to  the  vacuum  tuba  voRmeter  rcadlag  la  mllUvoRa  dteldad  hy  10. 

8.  Pto  each  Iraguaney  at  wMeh  the  ImpncRnea  la  nMooumd.  raehaek  tho  drop  aorooo  tho  18 
ahai  roolator  (vacuum  tuba  voKmatar  on  point  8)  for  a  100  nrilllvoK  rcadlag. 

8.  Tho  DC  Impatonca  of  tho  powor  aupply  la  agunl  to  tha  load  ragalatton  of  tha  power  m^rtf 
divtdcdigr  tha  rated  load  eurrnal. 


rig.  1-8  Teat  Setup  (or  Ingwdmea  Chock 
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DISTRIBUTION 

HEADQUARTERS  USAF 
Hq  USAF  (AFOCE),  Wash  25,  DC 
Hq  USAF  (AFRST),  Wash  25,  DC 
Hq  USAF  (AFRNE-A),  Wash  25,  DC 
Hq  USAF  (AFTAC),  Wash  25,  DC 

USAF  Dep,  The  Inspector  General  (AFIDI),  Norton  AFB,  Calif 
USAF  Directorate  of  Nuclear  Safety  (AFINS),  Klrtland  AFB,  NM 
AFOSR,  Bldg  T-D,  Wash  25,  DC 

MAJOR  AIR  COMMANDS 
AFSC  (SCT),  Andrews  AFB,  Wash  25,  DC 
AUL,  Maxwell  AFB,  Ala 

USAFIT  (USAF  Institute  of  Technology),  Wright- Patter  son  AFB, 
Ohio 

USAFA,  United  States  Air  Force  Academy,  Colo 
AFSC  ORGANIZATIONS 

AFSC  Regional  Office,  6331  Hollywood  Blvd, ,  Los  Angeles  28, 
Calif 

ASD  (ASAPRL,  Technical  Doc  Library),  Wright- Patterson  AFB, 
Ohio 

BSD,  Norton  AFB,  Calif 
(BST) 

(BSQ) 

(  BSR) 

SSD  (SSSC-TDC),  AF  Unit  Post  Office,  Los  Angeles  45,  Calif 
ESD  (ESAT),  Hanscom  Fid,  Bedford,  Mass 
AFFTC  (FTFT),  Edwards  AFB,  Calif 
AFMTC  (MU-135),  Patrick  AFB,  Fla 
APGC  (PGAPI),  Eglin  AFB,  Fla 
RADC  (Document  Library),  Griffiss  AFB,  NY 
AEDC  (AEOI),  Arnold  Air  Force  Station,  Tenn 
KIRTLAND  AFB  ORGANIZATIONS 
AFSWC,  Kirtland  AFB,  NM 
(SWEH) 
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DISTRIBUTION  (cont'd) 

(SWOI) 

(SWV) 

(SWT) 

(SWRS) 

OTHER  AIR  FORCE  AGENCIES 

Director,  USAF  Project  RAND,  via:  Air  Force  Liaison 
Office,  The  RAND  Corporation  (RAND  Library),  1700  Main 
Street,  Santa  Monica,  Calif 

ARMY  ACTIVITIES 

Chief  of  Research  and  Development,  Department  of  the  Army 
(Special  Weapons  and  Air  Defense  Division),  Wash  25,  DC 

Director,  Ballistic  Research  Laboratories  (Library), 

Aberdeen  Proving  Ground,  Md 

Research  Analysis  Corp.  ,  ATTN;  Document  Control  Office, 

6935  Arlington  Road,  Bethesda,  Md. ,  Wash  14,  DC 

Chief  of  Engineers,  Department  of  the  Army  (ENGEB), 

Wash  25,  DC 

Office  of  the  Chief,  Corps  of  Engineers,  US  Army  (Protective 
Construction  Branch),  Wash  25,  DC 

Director,  Army  Research  Office,  Arlington  Hall  Sta, 

Arlington,  Va 

Director,  US  Army  Waterways  Experiment  Sta  (WESRL), 

P.  O.  Box  60,  Vicksburg,  Miss 

Commanding  Officer,  US  Army  Engineers,  Research  & 
Development  Laboratories,  Ft  Belvoir,  Va 

NAVY  ACTIVITIES 

Chief,  Bureau  of  Yards  and  Docks,  Department  of  the  Navy, 
Wash  25,  DC 

Commanding  Officer,  Naval  Research  Laboratory,  Wash  25,  DC 

Commanding  Officer  and  Director,  David  Taylor  Model  Basin, 
Wash  7,  DC 

Commanding  Officer  and  Director,  Naval  Civil  Engineering 
Laboratory,  Port  Hueneme,  Calif 

Commander,  Naval  Ordnance  Test  Station,  Inyokern  (Code  12) 
China  Lake,  Calif 

Officer-in-Charge,  Civil  Engineering  Corps  Officers,  US 
Naval  School,  Naval  Construction  Battalion  Center,  Port 
Hueneme,  Calif 
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DISTRIBUTION  (cont'd) 


Office  of  Naval  Research,  Wash  25,  DC 
OTHER  DOD  ACTIVITIES 

Chief,  Defense  Atomic  Support  Agency  (Document  Library), 

Wash  25,  DC 

Commander,  Field  Command,  Defense  Atomic  Support  Agency 
(FCAG3,  Special  Weapons  Publication  Distribution),  Sandia 
Base,  NM 

Director,  Advanced  Research  Projects  Agency,  Department  of 
Defense,  The  Pentagon,  Wash  25,  DC 

Director,  Defense  Research  &  Engineering,  The  Pentagon, 

Wash  25,  DC 

US  Documents  Officer,  Office  of  the  US  National  Military 
Representative  (SHAPE),  APO  55,  New  York,  NY 

ASTIA  (TIPDR),  Arlington  Hall  Sta,  Arlington  12,  Va 

AEC  ACTIVITIES 

US  Atomic  Energy  Commission  (Headquarters  Library), 

Wash  25,  DC 

Sandia  Corporation  (Tech  Library),  Sandia  Base,  NM 

Sandia  Corporation  (Tech  Library),  P.  O.  Box  969,  Livermore, 
Calif 

Manager,  Albuquerque  Operations  Office,  US  Atomic  Energy 
Commission,  P.  O.  Box  5400,  Albuquerque,  NIVl 

OTHER 

Langley  Research  Center  (NASA),  Langley  Fid,  Hampton,  Va 

Office  of  Assistant  Secretary  of  Defense  (Civil  Defense), 

Battle  Creek,  Mich 

Space  Technology  Labs,  Inc.,  ATTN;  Information  Center, 
Document  Procurement,  P.  O.  Box  95001,  Los  Angeles  45,  Calif 

University  of  Illinois,  Talbot  Laboratory,  Room  207,  Urbana,  Ill 

Massachusetts  Institute  of  Technology,  Department  of  Civil  and 
Sanitary  Engineering,  ATTN:  Prof.  R.  V.  Whitman,  77  Massa¬ 
chusetts  Avenue,  Cambridge,  Mass 

St.  Louis  University,  Institute  of  Technology,  ATTN:  Dr.  Carl 
Kisslinger,  3621  Olive  Street,  St  Louis  8,  Mo 

University  of  Michigan,  Dept  of  Civil  Engineering,  ATTN: 

Frank  £.  Richardt,  Ann  Arbor,  Mich 

Portland  Cement  Assoc. ,  ATTN:  Eivind  Hognestad,  Manager, 
Structural  Dev  Sec. ,  33  W.  Grand  Ave.,  Chicago,  Ill 
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DISTRIBUTION  (cont'd) 


University  of  California,  College  of  Engineering,  ATTN:  Prof. 
Martin  Duke,  Assistant  Dean,  Los  Angeles,  Calif 

Stanford  University,  School  of  Mechanical  Engineering,  ATTN: 
Dr.  Lydik  S.  Jacobsen,  Stanford,  Calif 

University  of  New  Mexico,  AF  Shock  Tube  Facility,  Box  188, 
University  Station,  Albuquerque,  NM 

Armour  Research  Foundation,  ATTN:  W.  B.  Trousdale, 

3422  South  Dearborn  St.,  Chicago  15,  111 

MRD  Division,  General  American  Transportation  Corp. , 

7501  North  Natchez  Ave. ,  Niles  48,  III 

National  Engineering  Science  Co. ,  ATTN:  Dr.  Soldate,  711 
South  Fairoaks  Ave,  Pasadena,  Calif 

United  Research  Services,  ATTN;  Mr.  Harold  C.  Mason, 

1811  Trousdale  Drive,  Burlingame,  Calif 

University  of  Notre  Dame,  Dept,  of  Civil  Engineering,  ATTN: 
Dr.  H.  Saxe,  Notre  Dame,  Ind 

Stanford  Research  Institute,  Menlo  Park,  Calif 

University  of  Washington,  ATTN:  Dr,  I.  M,  Fyfe,  Seattle  5, 
Wash 

Purdue  University,  School  of  Civil  Engineering,  ATTN:  Prof. 
G,  A.  Leonards,  Lafayette,  Ind 

Paul  Weidlinger  and  Associates,  770  Lexington  Ave,  New 
York  21,  NY 

Defense  Atomic  Support  Agency  (DASABS),  Wash  25,  DC 
Official  Record  Copy  (SWRS) 
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